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ABSTRACT
ADAPTORS AT WORK: REGULATION OF BACTERIAL PROTEOLYSIS BY
ADAPTOR HIERARCHIES
MAY 2017
KAMAL KISHORE JOSHI
B. E., KUMAON ENGINEEREING COLLEGE DWARAHAT
M.S., INDIAN INSTITUTE OF TECHNOLOGY MADRAS
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Peter Chien
Regulated protein degradation is essential for all life. Bacteria use energydependent proteases to regulate protein degradation. Recognition of a substrate is enabled
by the inherent specificity of the protease and by the use of adaptor proteins that widen
the spectrum of recognized substrates. In Caulobacter crescentus, the timed destruction
of many regulators including CtrA by the ClpXP protease drives cell cycle progression.
Although, in a test tube, ClpXP can degrade CtrA by itself and does not need any helping
factors, additional factors such as CpdR, RcdA and PopA are required in vivo.
Understanding how these factors modulate protease activity at the mechanistic level is the
major focus of this dissertation work. In this work, we show that these factors constitute
an adaptor hierarchy where different substrates are destroyed based on the degree of
adaptor assembly. The hierarchy builds upon priming of ClpXP by the adaptor CpdR,
which promotes degradation of one class of substrates like PdeA and which also recruits
the next level of adaptor RcdA to degrade a second class of substrates such as TacA. The
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!
third cyclic-di-GMP dependent adaptor PopA binds RcdA to promote destruction of a
third class of substrates such as CtrA. Because adaptors must bind their cognate
proteases, all adaptors run the risk of themselves being recognized as the substrate and
hence degraded by the protease, a process that could limit their effectiveness. Indeed, we
find that RcdA is readily degraded by CpdR-activated ClpXP protease when present
alone but cargo engagement restrains its degradation. By using chimeric proteins, we find
that the ability of a cargo to protect its adaptor is not due to global stabilization but is
specific to the native protease recognition elements of that adaptor. We find that this
principle extends across several adaptor systems, including the adaptor SspB. Together,
this work reveals how hierarchical adaptors orchestrate regulated proteolysis during
bacterial cell cycle progression and how, robust adaptor activity can be maintained by
cargo engagement. Because of the high degree of conservation of many proteins between
species, we speculate that principles found in the Caulobacter system likely generalize to
others.
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CHAPTER 1
GENERAL INTRODUCTION TO INTRACELLULAR PROTEOLYSIS1

1.1 Energy-dependent regulated protein degradation
Protein degradation is a central process for all life. It is called into action for the
removal of aberrant and damaged proteins to prevent their toxic accumulation, for the
removal of regulatory proteins once they have served their purpose and for the generation
of small peptides for cellular signaling. Energy-dependent proteolysis in particular, is
critical for cell-cycle progression, morphological differentiation, stress responses,
virulence etc. [reviewed in (Gottesman, 2003; Gur et al., 2011; Jenal, 2009; Joshi and
Chien, 2016; Konovalova et al., 2014)]. Given its important role, protein degradation
needs to be tightly regulated to prevent any nonspecific degradation. In eukaryotes,
ATP-dependent 26S proteasome is responsible for most of the degradation of proteins.
On the other hand, in prokaryotes, ATP-dependent Clp and Lon family of proteases are
mainly responsible for most of the degradation and remodeling of the bacterial proteome.
Both of these AAA+ machines share common architectural design and function,
however, they differ in the way they target proteins (Schrader et al., 2009; Tai and
Schuman, 2008). The main workhorse (peptidase) is blind to substrates floating inside the
cell but degrades them only when an auxiliary ATPase specifically recognizes, unfolds
and threads these substrates into the core of the peptidase chamber. This elaborate
recognition system allows for the spatial and temporal control of degradation of proteins.
Here, I mainly focus on the energy-dependent proteases in Caulobacter.
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1

A modified version of Chapter 1 was published as Joshi KK and Chien P, Annu. Rev. Genet. (2016)
50:423-45
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1.1.1 Energy-dependent proteases
Energy-dependent AAA+ (ATPases associated with cellular activities) proteases
use energy provided by the consumption of ATP to power recognition, unfolding, and
degradation of target proteins. Hence, these proteases consist of an ATP hydrolyzing
domain and a peptidase domain [see (Olivares et al., 2016) for a recent overview]. Thus
far only a selected number of AAA+ proteases have been discovered in bacteria. These
include the Clp/Hsp100 family of proteases: ClpAP, ClpXP, ClpYQ (also known as
HslUV), ClpCP, ClpEP, and the Lon family of proteases: LonA, LonB and FtsH
[reviewed in (Kirstein et al., 2009)]. Although there are five AAA+ proteases in
Caulobacter, the two most characterized are the Lon protease (Gora et al., 2013; Jonas et
al., 2013; Leslie et al., 2015; Wright et al., 1996) and the Clp family of enzymes (Bhat et
al., 2013; Chien et al., 2007a; Grunenfelder et al., 2004; Jenal and Fuchs, 1998; McGrath
et al., 2006; Smith et al., 2014; Tsai and Alley, 2001). Caulobacter also contains other
AAA+ proteases such as HslUV and FtsH; however, their characterization has been
limited (Alvarez-Martinez et al., 2006; Fischer et al., 2002). Both Lon and Clp proteases
consist of ATP hydrolyzing domains and hydrolysis active peptidase domains, but Lon
encodes both functions on the same polypeptide, whereas the Clp family separates these
functions into distinct unfoldases or ATPases (ClpX or ClpA) and peptidases (ClpP) that
assemble to form either ClpXP or ClpAP proteases [Figure 1.1 and reviewed in (Olivares
et al., 2016)]. Importantly, owing to their chambered architecture, the peptidases
themselves are normally restricted in their access to substrate, digesting only small
peptides. Degradation of larger proteins requires initial recognition by the ATPase,
unraveling of the substrate, and translocation of the unfolded polypeptide through a
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central pore that leads to the proteolytic chamber of the peptidase. The detailed
mechanistic transactions for this unthreading and translocation have been elucidated
through elegant single-molecule and solution biochemical approaches (Cordova et al.,
2014; Olivares et al., 2014; Sen et al., 2013). From these studies, it seems that once
committed these proteases operate with common principles for any given polypeptide
substrate. Therefore, the limiting step for degradation in living cells is the initial
recognition and engagement of the protein targets.

Different proteases have their own specificity for certain substrates, with some
recognition determinants better defined than others. A particularly well understood
example is that of the ClpXP protease and ssrA peptide recognition. The ssrA peptide is
attached to nascent polypeptides via the trans-translation pathway that tags failed
translation products and rescues stalled ribosomes (Keiler et al., 1996). Therefore any
endogenous polypeptide with an ssrA tag must be a product of incomplete translation and
should be immediately destroyed. ClpXP recognizes ssrA-tagged proteins with such
stringency that a single point mutation in the tag greatly reduces degradation (Farrell et
al., 2007; Flynn et al., 2001). By contrast, the Lon protease appears to recognize clusters
of exposed hydrophobic residues within a given polypeptide (Gur and Sauer, 2009), a
general indicator of poor protein folding, but with little other sequence specificity.
Auxiliary factors called adaptors aid in generating specificity or altering substrate choice
for these proteases as required in different bacteria or pathways (described in detail
below). The combination of adaptors and inherent protease specificity provides for rapid
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yet selective protein degradation in both stress and normal growth conditions (Figure
1.1).

Figure 1.1: Regulated degradation by energy-dependent proteases. (a) Energydependent AAA+ proteases must discriminate true targets from a large background
of other nondegraded proteins. AAA+ proteases are composed of an ATPdependent unfoldase and a nonspecific peptidase chamber. In vivo specificity is
principally determined by the unfoldases, which recognize substrates directly or
through auxiliary proteins, known as adaptors, that alter specificity. (b) Although
these proteases differ in sequence and specificity, their core function is conserved.
The unfoldase recognizes a substrate and uses cycles of ATP hydrolysis to power
the unfolding of this protein. This unfolded polypeptide is concurrently translocated
through a central pore to a peptidase chamber where the target is destroyed.

1.1.2 Adaptors for energy-dependent proteases
Substrate selection in eukaryotes depends on E3 ligases, which bind and tag the
substrate protein with an ubiquitin chain. The polyubiquitin tag then delivers the substrate
to the regulatory particle of the 26S proteasome whereas unstructured regions within the
!
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substrate serve as initiation site for proteasomal engagement and degradation (Finley,
2009; Kerscher et al., 2006; Schrader et al., 2009). In few cases, proteins called shuttling
factors facilitate bridging between the ubiquitinated substrate and the proteasome. For
example, Rad23, which is involved in regulation of nucleotide excision repair in yeast,
contains an N-terminal ubiquitin-like domain (UBL) and two C-terminal ubiquitinassociation domains (UBAs). The UBA domain interacts with the polyubiquitin tag on
the substrate while the UBL domain binds with the proteasome thus transferring the
substrate to the proteasome (Chen and Madura, 2002; Heessen et al., 2005)

Bacteria lack such a tagging system but evolved with a different form of selection
system. The bacterial selection method comprises of the use of adaptor proteins. These
adaptor proteins can enhance or broaden the substrate spectrum of their cognate
proteases. Traditionally, a protein was defined as an adaptor protein if it can bind the
substrate and protease simultaneously to stimulate substrate degradation. The substratebound adaptor in general docks onto the N-domain of the ATPase to deliver the substrate
to the ATPase pore (Kojetin et al., 2009). However, recent findings, including the work
described in this thesis, have identified and characterized adaptors with novel modes of
substrate recognition and delivery mechanisms.

Adaptors play a central role in driving regulated protein degradation during the
bacterial cell cycle and in stressful environments. In some cases, the adaptor can bind the
substrate and deliver it for degradation constitutively as long as the substrate is present:
the SspB adaptor binds and delivers ssrA-tagged damaged substrates (discussed in detail
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below). In other cases, the adaptor can sense and respond to internal or external cues to
modulate the stability of a substrate: activity of CpdR is regulated by cues from the
developmental transition of Caulobacter (discussed in detail below). Adaptor-assisted
protein degradation is conserved from bacteria to eukaryotic organelles. I describe below
some of the well characterized and newly identified adaptors. The identification and
characterization of new adaptors such as those described below will shape our
understanding of proteolytic control throughout biology. Note that the number of
adaptors discussed below is not an exhaustive list of all known adaptors.

1.1.2.1 SspB-dependent degradation
SspB (stringent starvation protein B) is one of the most well characterized
adaptors to date. It was initially identified as a ribosome-associated protein in E.coli,
which promoted recognition of ssrA-tagged substrates for ClpXP degradation
(Levchenko et al., 2000). These ssrA-tagged substrates are produced by the tmRNA
system during translational stalls to rescue the stalled ribosomes and to mark the
improperly synthesized protein for degradation (Karzai et al., 2000; Keiler et al., 1996).
The 11 residues, which comprise the ssrA tag in E.coli (AANDENYALAA), contain an
SspB binding region (AANDENY) and a ClpX recognition tag or degron (LAA) (Hersch
et al., 2004). Although, the protease ClpAP can degrade ssrA-tagged proteins in vitro but
the major protease responsible for removal of these proteins in vivo is ClpXP (Gottesman
et al., 1998).

The substrate-adaptor-protease delivery complex was suggested to contain one
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SspB dimer and two ssrA-tagged substrates per ClpX hexamer based on size-exclusion
chromatography experiments. This indicated that only one SspB molecule interacts with
one hexameric molecule of ClpX to deliver two molecules of the substrate (Wah et al.,
2002). Furthermore, the interaction of SspB to ClpX requires both ClpX binding motifs
(XB-motif) of SspB, as the SspB adaptor with a single XB-motif was defective in
efficient substrate delivery. One ClpX dimer at the N domain binds to a single XB
peptide suggesting that there are three different XB binding sites on the ClpX hexamer
with each ClpX dimer constituting a single site (Bolon et al., 2004b). Bolon et al further
suggested that the adaptor, SspB, directly hands off the substrate to ClpXP for
degradation in a nucleotide-dependent manner (Bolon et al., 2004a).

SspB also influences the extracellular stress response in E. coli by enhancing
degradation of RseA, a negative regulator of this response (Flynn et al., 2004). In
response to extracytoplasmic stress, the membrane bound RseA is cleaved by two
proteases to release a cytoplasmic fragment that contains the sigma E transcriptional
factor (Alba et al., 2002). SspB then facilitates the degradation of the extra portion (1108 residues) of the latter cytoplasmic fragment to release sigma E to activate expression
of stress-responsive genes (Flynn et al., 2004). Interestingly, the binding region on
RseA1-108 and ssrA tag are not similar though both appear to bind to the same peptide
binding cleft on SspB (Flynn et al., 2004). How are the two unrelated sequences able to
bind to the same cleft on SspB? Cocrystal structures of RseA peptide/SspB and ssrA
peptide/SspB revealed peptide binding sites on SspB that overlapped such that one
interaction of the peptide with SspB was shared by both peptides but the rest was unique.
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RseA peptide binding in a reverse orientation and occupying a larger binding region than
ssrA peptide (Levchenko et al., 2005).

Caulobacter also has a functional SspB adaptor system (Chien et al., 2007b;
Lessner et al., 2007), to remove ssrA-tagged substrates. Similar to the E. coli SspB, the
Caulobacter SspB has two important domains, a substrate domain that binds the ssrA
peptide with high affinity (KD ~ 200 nM) (Chien et al., 2007a; Lessner et al., 2007) and
an unstructured tethering motif at the extreme C terminus that binds the N-terminal
domain of ClpX with weaker affinity (KD ~ 20 mM) (Chowdhury et al., 2010). This
scaffold allows for the robust tethering of a cargo substrate, although not gripping so
tightly that substrate translocation is hindered. The ssrA tag in Caulobacter is composed
of 14 residues whereas in E.coli it consists of only 11 residues. It was shown that the
longer tag in Caulobacter prevented steric clashes between SspB and ClpX in the ternary
complex formed during interaction with the substrate (Chien et al., 2007a). Outside of the
ssrA-tagged substrates, it is not yet known whether other SspB-dependent physiological
substrates exist in Caulobacter. Bhat et al identified many candidate subsrates of ClpPassociated protease by performing a ClpP-trapping approach (Bhat et al., 2013). A similar
approach where a ClpPtrap is expressed both in the wildtype and the ΔsspB cells, could be
utilized to identify novel SspB-dependent substrates. Interestingly, the Caulobacter
adaptor SspB in itself is also a substrate of ClpXP in vitro (Chien et al., 2007b) but
appears to remain stable during Caulobacter cell cycle in vivo (Lessner et al., 2007) (see
also Appendix 2). Unlike Caulobacter SspB, SspB from E.coli is not degraded by ClpXP
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(Wah et al., 2002). Why is there such a difference in SspB degradation between the two
species? This question is yet to be answered.

The tmRNA system is evolutionarily conserved in almost all bacteria (Keiler,
2015). This stands to reason since stalling of ribosomes can occur frequently under
normal or stress conditions and the bacterial cell needs a system in place to rescue these
ribosomes before it encounters disastrous accumulation of stalled ribosomes and failed
translation products. In these situations, adaptors like SspB speed up the removal of
incomplete translational products to maintain quality of proteins and to cope with the
stressful conditions faced by the cell (Figure 1.2).

Figure
1.2:
SspB-dependent
degradation of ssrA-tagged substrates.
The scaffolding adaptor SspB binds
strongly to their ssrA-tagged substrates
and tether them directly to the ClpXP
protease for degradation.

1.1.2.2 RssB-dependent degradation
RssB adaptor was specifically required for the delivery of RpoS subunit of RNA
polymerase to ClpXP for degradation in E.coli (Zhou et al., 2001). RpoS is a sigma
factor, which is required to turn on starvation-responsive genes in stationary phase cells
and to deal with different nutritional stress responses in E.coli [reviewed in (Battesti and
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Gottesman, 2013)]. In normal growth conditions, RpoS is removed from the cell by
RssB-mediated degradation of RpoS. During stationary phase or stress conditions, RpoS
degradation is suppressed by anti-adaptors mediated sequestration of RssB (discussed in
detail below), which then allows expression of RpoS-dependent genes [reviewed by
((Battesti and Gottesman, 2013; Hengge, 2009)]. RssB and RpoS were shown to interact
poorly with ClpX but binding of RssB to RpoS was suggested to induce conformational
changes, which then allowed strong binding of RssB-RpoS complex to ClpX (Studemann
et al., 2003). RssB is a response regulator with a conserved aspartic residue (D58), which
was thought to regulate its activity in response to specific cues. However, mutants
lacking the phosphorylation site still retained significant amount of activity (Peterson et
al., 2004) suggesting that phosphorylation may not be critical for all its activity and may
be required to modulate its affinity for RpoS. Similar to SspB, RssB is not degraded by
E.coli ClpXP in in vitro conditions and was suggested to initiate multiple rounds of
substrate binding and delivery (Bougdour et al., 2006; Zhou et al., 2001). Thus, RssB can
function as a substrate-specific adaptor, priming the substrate to induce its recognition by
the ClpXP protease (Figure 1.3).
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Figure 1.3: RssB-dependent degradation of RpoS subunit of RNA polymerase.
Phosphorylated RssB binds the substrate RpoS and likely induces conformational change
to prime the substrate for ClpXP recognition and subsequent degradation. Anti-adaptors
that are synthesized in different stress conditions bind RssB to stabilize RpoS to induce
expression of RpoS-responsive genes.
1.1.2.3 ClpS-dependent degradation
ClpS is a monomeric adaptor protein, which helps in the degradation of N-end
rule substrates (F, L, W or Y in E. coli) by ClpAP protease in E. coli, Caulobacter and
other bacteria. These N-end rule substrates could be generated by nonspecific trimming
of the N-terminus amino acid by endo or exoproteases (Humbard et al., 2013). As
mentioned above, ClpAP can also degrade ssrA-tagged substrates but binding of the
adaptor ClpS to ClpA inhibits degradation of ssrA-tagged substrates whereas facilitates
degradation of N-end rule substrates (Dougan et al., 2002). Upon binding of ClpS to
ClpA it was shown that conformational changes occur in ClpA that allow binding of Nend rule substrates but block binding of ssrA-tagged substrates (Hou et al., 2008).
Binding of ClpS to ClpA also protects ClpA from autodegradation (Dougan et al., 2002).
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ClpAP does not degrade ClpS although ClpS contains an N-terminal extension
(NTE) sequence that can function as a degradation signal (Dougan et al., 2002; RomanHernandez et al., 2011). An N-terminally tagged NTE-GFP fusion protein is rapidly
degraded by ClpAP. However, the core of the ClpS resists ClpAP degradation (RomanHernandez et al., 2011). Extensive characterization of ClpS by biochemical and structural
methods has identified regions on ClpS that are responsible for distinct functions. ClpS
contain a ClpA N-domain binding region, an N-degron binding site, an N-terminal
extension that contains an ssrA inhibition site and an N-degron delivery site (Hou et al.,
2008). The current model of delivery suggests that ClpS bound to its cargo interacts with
ClpA via the NTE site. During the translocation process, ClpA pulls on the NTE site,
which induces distortion in the core of ClpS. This distortion causes weakening of the
interaction between the N-end residue and ClpS, which then facilitates transfer of the Nend residue to a specific site in ClpA pore. ClpA then processively translocates the
substrate to ClpP for degradation. During this tugging, ClpS slips from the grasp of ClpA
after delivering the substrate and is ready for the next round of delivery (RomanHernandez et al., 2011). Thus, ClpS can influence intracellular degradation by
functioning both as an adaptor for N-end rule substrates and as an inhibitor for ClpA or
ssrA-tagged substrates.

1.1.2.4 YdiV and FliT-dependent degradation
Flagellar biogenesis in Salmonella typhimurium is controlled by a master
transcriptional regulator FlhD4C2. FlhD4C2 binds to promoter DNA to induce expression
of a suite of genes responsible for flagellar biogenesis. During negative regulation of
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flagellar gene expression, FlhD4C2 is degraded by the ClpXP protease. YdiV functions as
an adaptor protein during this degradation process to promote degradation of FlhD4C2
complex. YdiV directly binds to FlhD4C2 complex via FlhD subunit to release it from
bound DNA and to promote its degradation by ClpXP (Takaya et al., 2012). During the
degradation of FlhD4C2 complex, another adaptor protein FliT selectively binds to the
FlhC subunit to enhance its degradation by ClpXP (Sato et al., 2014). Thus, coordinated
action of two different adaptors on two different subunits of the heteromultimeric
substrate complex facilitates its removal at times when the transcriptional complex is not
required.

1.1.2.5 MecA-dependent degradation
Bacillus subtilis contains the adaptor protein MecA that facilitates both the
assembly of the ClpC unfoldase and the degradation of specific factors during
developmental transitions. During exponential growth, MecA maintains low levels of a
competence-specific transcription factor ComK by facilitating its degradation by ClpCP
protease. When the culture density is high, binding of the anti-adaptor ComS to MecA
inhibits ComK degradation (Kirstein et al., 2006; Lazazzera et al., 1997; Ogura et al.,
1999; Turgay et al., 1998; Turgay et al., 1997; van Sinderen et al., 1995). This allows the
initiation of competence development program by ComK-mediated expression of
competence-related genes. During the delivery process MecA is also degraded by the
ClpCP protease (Turgay et al., 1998). The N-terminal domain of MecA recruits cargos,
like ComK or ComS, where the C-terminal domain binds with ClpC (Persuh et al., 1999).
Further characterization revealed that the C-terminal region of MecA serves two
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functions: first as a degron for MecA and second as a minimal element that facilitates
oligomerization of ClpC (Kirstein et al., 2006; Mei et al., 2009; Wang et al., 2009). Cocrystal structures of the C-terminal region of MecA (MecA 108/121-218) and those of
different portions of ClpC elucidated molecular mechanisms for activation of ClpC.
Crystallization revealed that MecA interacts with ClpC via three interfaces which were
suggested to strengthen the transient interactions within the D1 and D2 rings of ClpC
(Wang et al., 2011). Thus, MecA serves dual function: as an activator of the ClpCP
protease and as an adaptor for ComK (Figure 1.4).

Figure 1.4: MecA-dependent degradation of ComK in Bacillus subtilis. The binding
of MecA adaptor to the ClpC ATPase activates the ClpCP protease. Once activated, the
adaptor MecA binds and facilitates ComK degradation during exponential growth. When
the cells reach a higher density, the anti-adaptor ComS competitively inhibits ComK
degradation, thus stabilizing ComK for expression of competence-related genes.
1.1.2.6 McsB-dependent degradation
McsB was shown to work as an adaptor protein of ClpCP protease. It facilitates
degradation of a transcriptional repressor CstR under heat shock stress in B.subtilis
(Kirstein et al., 2007; Kirstein et al., 2005). It was initially suggested to function as a
tyrosine kinase with autophosphorylating activity. McsB~P directly binds with and
phosphorylates CtsR in the presence of the stimulator McsA (Kirstein et al., 2005).
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McsB~P was also shown to interact with ClpC to target CtsR~P for ClpCP degradation
(Kirstein et al., 2007; Kirstein et al., 2005). The model that emerged from these
observations was that an autophosphorylating adaptor binds and phosphorylates a
substrate to direct it for protease degradation.

However, other studies have shown that McsB can function as a protein arginine
kinase to phosphorylate arginine residues on substrate CtsR thereby inhibiting CtsR
activity to induce expression of heat stress-responsive genes (Elsholz et al., 2010;
Fuhrmann et al., 2009). Using in vitro reconstitution experiments Trentini et al recently
show that McsB phosphorylates the arginine residues on model substrate casein. The
phosphorylated substrate is then targeted to ClpCP-mediated degradation. The
stimulatory effect of McsB-mediated substrate degradation was enhanced in the presence
of activator McsA. However, the stimulatory effect was reduced by the presence of a
phosphatase YwlE. Interestingly, isolated phosphoarginine amino acids bind to ClpC and
outcompeted McsB-dependent casein degradation. This study shows that phosphorylation
of arginine residues represents a new mechanism of tagging proteins for degradation in
bacteria allowing regulated degradation especially in cases where the sequence-specific
degron is not present on substrates. Phosphorylated arginine not only poses as the tag for
degradation but also acts as a signal for activation of the ClpCP protease complex
(Trentini et al., 2016). These results suggest that ClpC can be activated without a
prerequisite requirement of additional factors such as MecA or McsB. Together, these
results point towards McsB as a modulator of protein degradation.
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1.1.2.7 YjbH-dependent degradation
YjbH adaptor enhances ClpXP-mediated degradation of Spx, a transcriptional
regulator in B. subtilis (Garg et al., 2009). Spx is maintained at low concentrations under
normal growth conditions. However, under thiol-specific oxidative stress, Spx is
protected from degradation to induce expression of genes responsible for adaption to such
a stress. YjbH does not directly interact with ClpX (Chan et al., 2012) but binds to the Cterminal region of Spx to likely induce a conformational change that reveals a degron for
ClpX recognition (Chan et al., 2014). Recent structure modeling and crosslinking mass
spectrometry based experiments suggested a large binding region between Spx and YjbH
wherein one face of YjbH together with the N-terminal arm interacts with the N- and Cterminal regions of Spx (Al-Eryani et al., 2016). The contribution from multiple binding
regions of YjbH and Spx may provide a substantially tight adaptor-substrate interaction
to expose/stabilize the C-terminal of Spx for protease recognition. A small protein, YirB,
was suggested to function as an anti-adaptor for YjbH to inhibit degradation of Spx
(Kommineni et al., 2011). Additionally, it was also shown that the activity of YjbH is
regulated by controlled protein aggregation. In response to disulfide stress YjbH forms
irreversible aggregates, which possibly prevent its interaction with Spx, thus stabilizing
Spx from proteolysis (Engman and von Wachenfeldt, 2015). Thus, YjbH represents a
new class of adaptors like RssB, that function as a substrate-priming adaptor to prepare
the substrate for ClpXP recognition and subsequent degradation. Furthermore, the
adaptor activity of YjbH appears to be regulated by a novel mechanism of controlled
protein aggregation.
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1.1.2.8 CmpA-dependent degradation
Quality control during sporulation in B.subtilis was also recently shown to be
under adaptor-mediated control. Here, the CmpA protein stimulates destruction of the
coat assembly protein SpoIVA by ClpXP in cells with envelope assembly defects,
causing lysis of these cells and failure to produce robust spores (Tan et al., 2015). The
CmpA protein is degraded in sporulation competent cells inhibiting degradation of coat
protein SpoIV, however, in sporulation incompetent cells, CmpA facilitates degradation
of SpoIVA thus preventing coat formation and lysis of the cell (Tan et al., 2015). How
CmpA function as an adaptor protein at molecular level is yet an unanswered question.

1.1.2.9 SmiA-dependent degradation
SmiA was recently suggested to be an adaptor protein for Lon protease. SmiA
plays an important role during differentiation of B. subtilis cells from swimmer to
swarmer cells. The SmiA adaptor limits accumulation of the flagellar biosynthesis
regulator SwrA in liquid medium through Lon-mediated proteolysis. Upon contact with
solid surfaces, SwrA is stabilized, which turns on flagellar genes and increases motility
(Mukherjee et al., 2015). Again, how the adaptor functions at molecular level and how its
activity is regulated is an intriguing question for future research.

1.1.2.10 NblA-dependent degradation
Adaptor-mediated protein degradation also affects the growth of cyanobacteria.
NblA is a proteolytic adaptor that facilitates degradation of phycobilisomes, the light
harvesting complexes (mass upto 4MDa), in response to limited nutrient conditions
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(Collier and Grossman, 1994; Sendersky et al., 2014). NblA from Anadaena was shown
to interact with ClpC in vitro (Karradt et al., 2008). A fusion construct of NblA-GFP was
degraded in vivo (Sendersky et al., 2014). Reconstitution of the degradation of
phycobilisomes by NblA in vitro will help better understand how NblA functions as an
adaptor. Based on the studies conducted so far, it can be speculated that NblA is also
involved in the disassembly of the large phycobilisome complexes into smaller subunits
prior to their degradation.

1.1.2.11 CpdR-dependent degradation
CpdR (CtrA protein degradation regulator) is a single-domain response regulator
that was originally identified as a factor needed for the cell cycle-dependent degradation
of CtrA in Caulobacter (Iniesta et al., 2006). CtrA is a master transcriptional regulator
that controls transcriptiion of ~95 genes and also negatively regulates DNA replication by
binding to the chromosamonal origin of replication (Laub et al., 2002; Quon et al., 1998).
Cell cycle-dependent CpdR activity is controlled by phosphorylation mediated by the
CckA-ChpT kinase cascade (Biondi et al., 2006; Iniesta et al., 2006; Iniesta and Shapiro,
2008; Smith et al., 2014). Phosphorylation inactivates CpdR, whereas overexpression of a
nonphosphorylatable CpdR (CpdRD51A) results in prolific degradation of CtrA and
other ClpXP-dependent substrates (Abel et al., 2011; Biondi et al., 2006; Iniesta et al.,
2006). Interestingly, the same CckA-ChpT kinase cascade also phosphorylates and
activates CtrA (Biondi et al., 2006; Jacobs et al., 2003; Jacobs et al., 1999). Because of
this convergence, CckA turns on CtrA activity by preventing CtrA degradation (through
CpdR phosphorylation) and by activating CtrA directly. Like many histidine kinases,
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CckA can also act as a phosphatase (Chen et al., 2009). Therefore, dephosphorylation
through CckA-ChpT turns off CtrA activity by inactivating the transcription factor and
inducing degradation by CpdR. Control of CckA activity requires additional localized
proteins (Angelastro et al., 2010; Ebersbach et al., 2008; Iniesta et al., 2010; Reisinger et
al., 2007; Tsokos and Laub, 2012; Tsokos et al., 2011), and it was recently shown that
CckA phosphatase activity is stimulated by cyclic di-GMP (cdG) (Lori et al., 2015).

Most intriguingly, CpdR is required for degradation of all known ClpXP
substrates that are specifically destroyed during the SW-to-ST transition (Abel et al.,
2011; Bhat et al., 2013; Iniesta et al., 2006; Radhakrishnan et al., 2010) (see 1.1),
whereas RcdA and PopA are required for only a subset of these substrates (discussed
below). For example, the chemoreceptor McpA degradation requires CpdR but not RcdA
or PopA (Duerig et al., 2009; Iniesta et al., 2006; McGrath et al., 2006). Similarly, the
cdG phosphodiesterase PdeA is degraded during the SW-to-ST transition, and its
degradation is dependent on only CpdR and ClpXP (Abel et al., 2011). Biochemical
experiments showed that PdeA is not degraded by ClpXP alone, but the addition of CpdR
is sufficient to stimulate PdeA degradation (Abel et al., 2011). Consistent with the in vivo
observations, phosphorylation of CpdR blocked PdeA degradation in vitro (Abel et al.,
2011). Structural dissection of PdeA showed that it contains an N-terminal domain
required for CpdR-dependent degradation and a C-terminal ClpXP recognition motif
(Rood et al., 2012), suggesting that CpdR may work as an adaptor to selectively deliver
proteins to ClpXP. Based on the model of how the adaptor SspB delivers its substrate to
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ClpXP (discussed above), it was unclear how CpdR worked as an adaptor as CpdR does
not strongly interact with the substrate PdeA on its own (Lau et al., 2015).

During the initial characterization of CpdR as a stimulatory factor for PdeA,
bacterial two-hybrid experiments suggested that the two directly interact (Abel et al.,
2011); however, purified CpdR and PdeA failed to bind (Lau et al., 2015). This
discordance was resolved when bacterial two-hybrid experiments performed in reporter
cells lacking ClpX failed to show an interaction between CpdR and PdeA, suggesting that
ClpX is required for CpdR and PdeA to be in the close proximity needed for two-hybrid
complementation (Lau et al., 2015). This led to a model in which CpdR acts as an adaptor
by priming ClpX in order to generate a CpdR-ClpX state that is capable of binding PdeA
and other substrates. As seen with other ClpXP adaptor systems, the N-terminal domain
of ClpX is essential for CpdR binding. Finally, it was shown that the phosphorylation of
CpdR blocked its ability to interact with ClpX, linking cell cycle-dependent
phosphorylation to CpdR-dependent proteolysis. Thus, CpdR is a protease priming
adaptor that facilitates delivery of substrates including PdeA and McpA (Lau et al., 2015)
(Figure 1.5).
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Figure 1.5: CpdR-dependent degradation of PdeA in Caulobacter. CpdR binds
directly to the N-terminal domain (NTD) of ClpX, primes the protease to facilitates
recognition of protease substrates (PdeA, McpA). Phosphorylation of CpdR prevents
binding to ClpX. CpdR does not seem to directly bind its cargo substrates with any
detectable affinity.
1.1.2.12 RcdA-dependent degradation
RcdA (Regulator for CtrA degradation) was initially discovered as necessary for
the polar localization and cell cycle-dependent degradation of CtrA in Caulobacter
(McGrath et al., 2006). However, other studies suggested that RcdA-mediated
localization of CtrA to the stalked pole might not be critical for CtrA degradation (Taylor
et al., 2009). Therefore, it was thought that RcdA might be playing an additional role in
CtrA degradation together with or independent of its localization function. Initially,
RcdA was dismissed as an adaptor, as purified RcdA did not stimulate ClpXP-mediated
degradation of CtrA in vitro (Chien et al., 2007b). The work described in this thesis
(Chapter 2) shows that RcdA does act as an adaptor but binds only to a CpdR-primed
ClpXP protease (Joshi et al., 2015). RcdA directly binds a number of substrates, e.g., the
developmental transcription factor TacA, and delivers them to CpdR-primed ClpXP
proteases for degradation (Joshi et al., 2015) (Table 1.1). In this regard, RcdA function is
reminiscent of that of canonical adaptors, but instead of tethering directly to the ClpXP
protease, as seen with SspB (Bolon et al., 2004b; Chowdhury et al., 2010; Dougan et al.,
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2003; Wah et al., 2003), RcdA tethers to only a CpdR-primed ClpX (Joshi et al., 2015).
RcdA expression peaks during SW-to-ST transition (McGrath et al., 2006), which further
ensures that RcdA accumulates when it is needed (McGrath et al., 2006). RcdA adaptor is
degraded in a CpdR-dependent manner. Interstingly, binding of cargo suppresses RcdA
degradation (described in Chapter 3). Thus, RcdA acts as a substrate specific primingdependent adaptor to deliver substrates such as TacA to ClpXP (Joshi et al., 2015)
(Figure 1.6). Binding of cargos shields RcdA degradation to enable robust substrate
delivery. Once the task has been completed the RcdA adaptor is eliminated (Chapter 3).

Figure 1.6: RcdA-dependent degradation of TacA in Caulobacter. RcdA directly
binds substrates such as TacA, facilitating their degradation by ClpXP protease. Here,
RcdA acts as a scaffolding adaptor delivering the substrate to only a protease that is first
primed by CpdR.
1.1.2.13 PopA-Dependent Degradation
PopA (paralog of PleD) is a cdG-binding effector protein essential for cell cycledependent CtrA degradation (Duerig et al., 2009). PopA mutants deficient in cdG binding
do not sustain cell cycle-dependent degradation of CtrA (Duerig et al., 2009). On the
basis of bacterial two-hybrid experiments, PopA binds directly to RcdA even in the
absence of cdG binding (Duerig et al., 2009), and in vitro pull-down experiments confirm
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this result (Smith et al., 2014). By contrast, PopA binds CtrA in a cdG-dependent manner
(Smith et al., 2014). Domain analysis of PopA suggests that binding of cdG induces
dimerization of PopA via its C-terminal GGDEF domains, whereas the N-terminal
receiver domains are responsible for additional interactions with proteins like RcdA
(Ozaki et al., 2014). Based on the working model described in Chapter 2, PopA serves as
an adaptor between RcdA and CtrA, promoting degradation of a CtrA in a CpdRdependent manner (Joshi et al., 2015). Given that cell cycle-dependent degradation of
other ClpXP substrates, such as KidO and GdhZ (Beaufay et al., 2015; Radhakrishnan et
al., 2010), rely on CpdR, RcdA, and PopA, it appears likely that PopA serves as an
adaptor to RcdA for these substrates as well.

It is worth mentioning that PopA requires cdG binding in order to deliver
CtrA (Duerig et al., 2009; Joshi et al., 2015) and that CpdR degrades PdeA, a cdGhydrolyzing phosphodiesterase (Abel et al., 2011; Lau et al., 2015). Levels of cdG
oscillate during the Caulobacter cell cycle (Abel et al., 2013) and PdeA contributes
to this control (Abel et al., 2013). Recently, the CckA kinase was shown to switch
from a kinase state to a phosphatase state upon cdG binding (Lori et al., 2015),
directly linking cdG to activation of CpdR (which turns on when dephosphorylated)
and the resulting cascade of proteolysis. Thus, in swarmer cells when CpdR is
phosphorylated, high levels of PdeA keep cdG levels low, maintaining CckA in a
kinase state, which keeps CpdR phosphorylated. If a fraction of CpdR is activated,
then the resulting degradation of PdeA could cause a local upshift in cdG that
further activates even more CpdR through cdG-dependent CckA phosphatase
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activity. Activation of CpdR leads to recruitment of RcdA and PopA (activated now
by cdG), which together deliver CtrA for degradation and free the origin for
replication initiation. Thus, PopA is a cdG-dependent adaptor of RcdA for CtrA
degradation (Joshi et al., 2015) (Figure 1.7).

Figure 1.7: PopA-dependent degradation of CtrA in Caulobacter. PopA activated by
the binding of cyclic di-GMP (cdG) directly binds the substrate CtrA. The PopAsubstrate bound complex is then recruited by RcdA to deliver CtrA to the CpdR-primed
protease for degradation.
1.1.3 Adaptor complex/hierarchy-dependent degradation
Adaptor-dependent protein degradation is also found in eukaryotic organelles of
bacterial origin. Most recently, a putative adaptor complex comprising the ClpF and
ClpS1 proteins was found to stimulate degradation of GluTR, a key enzyme in
tetrapyrrole synthesis by ClpCPR protease complex in chloroplasts (Nishimura et al.,
2015) (Figure 1.8). The exact delivery mechanism is yet not clear but based on proteinprotein interaction experiments various pathways have been proposed to explain how the
binary adaptor complex facilitates GluTR degradation: 1) ClpF binds the substrate first
and then ClpS1 facilitates the binding of the ClpF-substrate complex to ClpC, 2) ClpS1
binds the substrate first and then ClpF facilitates the binding of the ClpS1-substrate
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complex to ClpC, 3) A ClpF-ClpS1 adaptor complex together binds the substrate and
delivers it to ClpC.

Figure 1.8: ClpF-ClpS1 binary
adaptor complex-dependent GluTR
degradation in chloroplast. ClpF and
ClpS1 together form a multiprotein
binary adaptor complex to deliver
substrate GluTR to the ClpCRP protease
for degradation in chloroplasts.

CpdR, RcdA, and PopA form an adaptor hierarchy wherein adaptors activate
proteases to facilitate binding of additional adaptors that can in turn recruit more
adaptors, with each level responsible for degradation of different classes of substrates
(Figure 1.9) The details is presented in Chapter 2 (Joshi et al., 2015; Lau et al., 2015).
Interestingly, CpdR and RcdA are present in all known α-proteobacteria (Brilli et al.,
2010); however, PopA is poorly conserved, being found only in Caulobacter and closely
related stalked bacteria (Ozaki et al., 2014). For example, in the plant symbiont
Sinorhizobium meliloti, there are two orthologs of CpdR, but only one (CpdR1) causes
physiological defects when either deleted or overactivated (Kobayashi et al., 2009).
CpdR1 appears to play a role in controlling CtrA stability, which is particularly important
in the endoreduplication process during symbiosis (Pini et al., 2015; Schallies et al.,
2015). Less is known about the role of RcdA in S. meliloti, but depletion of RcdA
increases CtrA levels (Pini et al., 2015), supporting its role in controlling CtrA stability
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similar to that seen in Caulobacter. Interestingly, RcdA appears to be essential in S.
meliloti and in Agrobacterium tumefaciens (Curtis and Brun, 2014; Pini et al., 2015). A
tempting speculation is that CpdR and RcdA represent a more broadly conserved
ancestral adaptor system found throughout α-proteobacteria. In this light, the inclusion of
PopA in Caulobacter allows cells to link cdG levels with CtrA destruction, timing this
process to cell cycle events. The absence of PopA in other bacteria in which CtrA is
degraded in a CpdR/RcdA-dependent manner leads one to ask what the equivalent for
PopA is in these cases and how this adaptor hierarchy might impact physiology in other
bacteria.

Figure 1.9: An Adaptor hierarchy-dependent degradation during Caulobacter cell
cycle. During the developmental transition in Caulobacter that overlaps with its cell
cycle, the adaptor CpdR binds the N-terminal domain (NTD) of ClpX ATPase, priming
(red dashed line) the protease to recruit substrates such as PdeA for degradation. The
primed protease then recruits the scaffolding adaptor RcdA to degrade a range of
substrates, including TacA. The second messenger cyclic di-GMP (cdG)-dependent
adaptor PopA binds the adaptor RcdA to deliver substrate CtrA to the ClpXP protease
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1.1.4 Anti-adaptors for adaptors of energy-dependent proteases
An anti-adaptor protein provides another layer of regulation to controlled
proteolysis. Anti-adaptors regulate the activity of adaptors generally in conditions where
adaptor-mediated protein degradation needs to be halted. These anti-adaptors have been
shown to express in specific conditions to competitively inhibit the adaptor binding to its
substrate.

The best-characterized anti-adaptor system is for RssB adaptor in E.coli (Figure
1.3). As mentioned above, RssB is an adaptor required for the proteolysis of RpoS in
normal growth conditions. In response to stress or entry into starvation conditions, RpoS
is stabilized by the inhibition of RssB by small anti-adaptor proteins. Three anti-adaptor
proteins have been described and have been named IraP, IraM, and IraD [reviewed in
(Battesti and Gottesman, 2013)]. These three proteins are induced under different stress
conditions: IraP under phosphate starvation (Bougdour et al., 2006), IraM under
Magnesium starvation (Bougdour et al., 2008), and IraD under stationary phase entry or
DNA damaging conditions (Bougdour et al., 2008; Merrikh et al., 2009a; Merrikh et al.,
2009b). These anti-adaptors bind and saturate RssB thus competitively preventing RssB
binding to substrate RpoS. The most intriguing question was how RssB could bind to its
substrate and various anti-adaptors. Interestingly, recent studies suggested that different
anti-adaptors bind differently to RssB (Battesti et al., 2013). Further studies suggest that
RssB could adopt both active and inactive conformations. Whereas, the binding of some
anti-adaptors (IraP, IraM) was proposed to induce conformational changes in RssB,
which then mimics the inactive form, binding of other anti-adaptors (IraD) inhibits
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recognition and promotes release of substrate RpoS (Micevski et al., 2015). These results
suggest that RssB has been optimized in such a way that multiple small proteins can bind
differently in different conditions to give the same output of inhibition in RpoS
degradation.

Anti-adaptor mediated regulation of proteolysis also plays a critical role in
development of competence in B.subtilis (Figure 1.4). As mentioned above, during
exponential growth ComK levels are kept low by MecA-dependent degradation of
ComK. In response to quorum sensing, when the culture density is high or nutrients are
limiting, the signaling molecule ComX initiates the synthesis of the anti-adaptor protein
ComS (46 residues), which competitively binds to MecA and prevents ComK proteolysis
for the onset of competence (Ogura et al., 1999; Turgay et al., 1998). Biochemical
characterization revealed that the regions in ComS and ComK that bind to MecA are
similar (Ogura et al., 1999). Intriguingly, ComS is co-degraded with MecA (Turgay et al.,
1998). It was proposed that synthesis/degradation of these modulators could trigger rapid
assembly and disassembly of ClpCP protease (Mei et al., 2009).

Activity of an adaptor can be regulated by the binding of an anti-adaptor that
competitively inhibits binding of adaptor to its substrate. In this regard, PopA can also act
as a competitive anti-adaptor for RcdA-dependent substrates such as TacA, where loss of
PopA results in more rapid degradation of TacA, demonstrating how a single protein can
be both an adaptor and anti-adaptor [Chapter 2; (Joshi et al., 2015)]. This leads to the
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possibility that other anti-adaptors such as the Ira family proteins described above could
act as adaptors for as yet unknown substrates.

1.2 Cell cycle progression in the model organism Caulobacter crescentus
A defining feature of the growth of the bacterium Caulobacter crescentus is a
robust cell cycle in which coordination of replication is tightly coupled to an obligate
developmental transition [see (Collier, 2016) for a recent overview]. Like in the
eukaryotic cell cycle, progression of the Caulobacter cell cycle relies on oscillating levels
of many proteins (see Table 1.1). As shown in Figure 1.10 below, nonreplicative motile
swarmer (SW) cells develop into nonmotile replication-competent stalked (ST) cells.
This is followed by an asymmetric cell division to generate a new daughter SW cell and
the original mother ST cell. The ST cell immediately initiates replication and undergoes
another round of growth and cell division, whereas the SW cell must first transition again
into a ST cell. During this SW-to-ST transition, also called the G1-to-S transition, owing
to the tight coupling between developmental state and DNA replication state, the levels of
many proteins change dramatically (Grunenfelder et al., 2001).

Because steady-state protein levels are determined by the balance of protein
synthesis and degradation, cell cycle-dependent regulation of either synthesis or
degradation is sufficient to generate these changes (Figure 1.10). In Caulobacter, cyclic
changes in synthesis partnered with constitutive degradation can in some cases support
these fluctuating levels, such as is suggested for the DNA methyltransferase CcrM
(Wright et al., 1996). In other cases, oscillating protein levels can be driven principally by
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regulated proteolysis, where protein degradation rates change during cell cycle
progression (see Table 1.1). Monitoring cell cycle-dependent protein levels when
candidate substrates are expressed constitutively allows us to discriminate between these
cases. For example, although CtrA is normally expressed differentially during the cell
cycle (Quon et al., 1996), protein levels still oscillate when CtrA is expressed
constitutively during the cell cycle (Domian et al., 1997), suggesting that changes in
degradation alone are sufficient to modulate protein levels. Genetic studies implicate the
Clp or Lon proteases in many cases in which changes in degradation are sufficient to
drive changes in protein levels (Gora et al., 2013; Grunenfelder et al., 2004; Jenal and
Fuchs, 1998; Wright et al., 1996). However, levels of ClpX, ClpP, and Lon do not change
during the cell cycle (Jenal and Fuchs, 1998; Wright et al., 1996). Therefore, there must
be more complex controls governing the stability of cell cycle-dependent protease
substrates.
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Table 1.1: A set of cell cycle-dependent protease substrates in Caulobactera
Substrate

Protease
responsible
ClpXP

CtrA

Replication initiation inhibitor and
transcriptional regulatorb,c

TacA

Transcriptional regulatorb,c

ClpXP

CC3144

Unknown functionb

ClpXP

PdeA

Cyclic di-GMP phosphodiesteraseb,c

ClpXP

McpA

Transmembrane chemoreceptorb,c

ClpXP

McpB

Cytoplasmic chemoreceptor

ClpXP

CpdR

Single-domain response
regulator/adaptorb

ClpXP

GdhZ

NAD-dependent glutamate
dehydrogenase
NAD(H)-binding oxidoreductase
homologc
Flagellar regulator

ClpXP

ClpXP

FliF

Negative switch for Topo IV
decatenation activity
Single-domain PAS (Per-Arnt-Sim)
protein
MS ring protein

FtsZ

Cell division cytoskeletal proteinb,c

ClpAP/
ClpXP

FtsA

Cell division proteinb,c

ClpXP/
ClpAP

FtsQ

Cell division proteinc

Unknown

DnaA

DNA replication initiatorb

Lon

KidO
TipF
NstA
MopJ
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ClpXP
ClpXP

ClpXP
ClpAP

References
(Chien et al.,
2007a;
Domian et al.,
1997; Smith et
al., 2014)
(Bhat et al.,
2013; Joshi et
al., 2015)
(Joshi et al.,
2015)
(Abel et al.,
2011; Lau et
al., 2015)
(Lau et al.,
2015; Tsai and
Alley, 2001)
(Potocka et al.,
2002)
(Iniesta and
Shapiro, 2008;
Lau et al.,
2015)
(Beaufay et
al., 2015)
(Radhakrishna
n et al., 2010)
(Davis et al.,
2013)
(Narayanan et
al., 2015)
(Sanselicio et
al., 2015)
(Grunenfelder
et al., 2004)
(Kelly et al.,
1998;
Williams et
al., 2014)
(Martin et al.,
2004;
Williams et
al., 2014)
(Martin et al.,
2004)
(Collier et al.,

CcrM

DNA methyltransferaseb

Lon

SciP

Small CtrA inhibitory proteinb,c

Lon

GcrA

Cofactor for sigma70c

Unknown

a

2006; Jonas et
al., 2013)
(Jonas et al.,
2013; Wright
et al., 1996)
(Gora et al.,
2013; Gora et
al., 2010)
(Collier et al.,
2006;
Haakonsen et
al., 2015)

This table includes proteins that are degraded selectively during the cell cycle and cell cycle regulated
substrates whose levels in vivo are protease dependent.
b
Substrates validated by in vitro reconstitution experiments.
c
Substrates that are degraded in a cell cycle-dependent manner when expressed constitutively.

1.3 Proteolytic control during cell cycle progression
Cell cycle control is essential for both eukaryotes and prokaryotes. Deregulation
in cell cycle can result in dire consequences such as cancer in eukaryotes and growth
defects or cell death in bacteria. In eukaryotic cell cycle, the activity of cyclin-dependent
kinases (CDKs), CDK activators (cyclins) and CDK inhibitors (CDI) are responsible for
driving normal cell cycle progression. Phosphorylation by CDKs and proteolysis of
cyclins/CDI at specific stages of cell cycle allows controlled transitioning of cell from
one stage to next.

Thus, phosphorylation and protein degradation are key

posttranslational mechanisms that regulate cell cycle progression in eukaryotes
(Nakayama and Nakayama, 2006).

In bacteria, controlled proteolysis during the cell cycle can arise through either
cell cycle-dependent inhibition or activation (Figure 1.10). Controlled inhibition during
the cell cycle can drive oscillating levels of proteins. For example, in Caulobacter, the
transcriptional regulator SciP is degraded by the Lon protease in a cell cycle-dependent
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manner, and its degradation is strongly inhibited by DNA binding (Gora et al., 2013).
SciP forms a complex with CtrA to bind at specific sites (Gora et al., 2010; Tan et al.,
2010) and binding of CtrA to DNA is regulated through cell cycle-dependent
phosphorylation (Quon et al., 1996). A parsimonious model to explain these results
shows that SciP degradation is simply controlled through its DNA binding state, in which
cell cycle-dependent changes in DNA binding protect this protein from degradation by
Lon [(Gora et al., 2013); Figure 1.10b]. Examples of this type of inhibitory control have
been seen with other AAA+ protease/substrate systems (Lu et al., 2013; Mettert and
Kiley, 2005; Pierechod et al., 2009; Pruteanu et al., 2007; Shah and Wolf, 2006).

Another

regulatory

mechanism

that

controls

proteolysis

is

spatial

compartmentalization within a cell to avoid unwanted protein degradation [reviewed in
(Jenal, 2009 also see Figure 10c). These examples are well characterized in eukaryotes,
where the lysosome is a dedicated organelle that removes the bulk proteins delivered to it
(reviewed in Tai and Schuman, 2008). Such spatial compartmentalization was also
proposed for the removal of the master regulator CtrA in Caulobacter. The assumption
was that during the SW-to-ST transition, ClpXP would localize to the nascent stalked
pole upon dephosphorylation of the CpdR protein, which was thought to be a localization
factor (Iniesta et al., 2006). At the same time, the proteins RcdA and PopA are recruited
to this same pole and promote localization of the substrate CtrA (Duerig et al., 2009;
McGrath et al., 2006). The model arising from these observations is that a net increase in
the effective concentration of substrate and protease at the pole promotes CtrA
recognition by ClpXP [reviewed in (Jenal, 2009) also see Figure 1.10c] In support of this
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model, CtrA degradation is lost in cells lacking CpdR, RcdA, or PopA (Duerig et al.,
2009; Iniesta et al., 2006; McGrath et al., 2006). CpdR is needed for degradation of
another ClpXP substrate, McpA, but neither RcdA nor PopA are needed for McpA
turnover (Duerig et al., 2009; Iniesta et al., 2006; McGrath et al., 2006). Taken together,
these data point to a situation in which CpdR controls ClpXP localization, which is
needed for regulated degradation of all ClpXP substrates, whereas RcdA/PopA
specifically controls CtrA localization.

Figure 1.10: Proteolytic control
during Caulobacter cell cycle.
One source of control is that
different classes of proteins can be
degraded at different times during
the cell cycle. Class I proteins are
lost during the SW-to-ST (G1-S)
transition, Class II proteins are
more abundant (more stable) in ST
cells, and Class III proteins are
preferentially reduced in SW cells.
Examples of each class are shown.
See Table 1.1 for a more complete
listing of proteins and proteases.
There are several models that
describe
how
proteins
are
selectively degraded during the
cell cycle, including (b) Cell cycledependent inhibition of SciP
(small CtrA inhibitory protein).
Binding
to
DNA
inhibits
degradation of SciP by Lon
protease.
(c)
Changes
in
localization of protease and
substrate
lead
to
substrate
degradation.

!

34!

More recent studies suggested that localization of substrate and protease might
not be essential for degradation. For example, mutants of RcdA that fail to localize to
stalked poles and also fail to localize CtrA to stalked poles do not exhibit changes in cell
cycle-dependent degradation of CtrA (Taylor et al., 2009). Furthermore, localization of
the ClpXP protease is not essential for all its activity in vivo, as some ClpXP substrates,
such as FtsZ, are degraded in swarmer cells when ClpXP is delocalized (Williams et al.,
2014). Because many proteins are degraded specifically during the G1-to-S transition,
localization alone seems insufficient to explain the degradation of all these substrates.
The combined work by Lau et al. and Joshi et al., (Chapter 2) supports a model wherein
CpdR serves as a master adaptor by activating a cascade of proteolytic events. It primes
the protease to receive a hierarchy of adaptors such as RcdA and cdG-dependent PopA
to coordinate the delivery of a range of substrates, including CtrA, directly to ClpXP
protease for destruction during the Caulobacter cell cycle [(Joshi et al., 2015; Lau et al.,
2015; Smith et al., 2014) see also Figure 1.9]. In total, coupling fluctuating second
messenger pools to an irreversible process (protein degradation), the cell ensures a
unidirectional and robust G1-to-S transition (Abel et al., 2013; Domian et al., 1997; Joshi
et al., 2015; Lori et al., 2015).

1.4 Proteolytic control during stress and damage responses
Bacteria rely on AAA+ proteases to properly respond to stressful conditions.
Misfolded proteins generated during proteotoxic stress (such as heat, oxidative
conditions, amino acid misincorporation, etc.) can be toxic to cells and are often
eliminated by the Lon protease in bacteria and eukaryotic organelles (Bezawork-Geleta et
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al., 2015; Goldberg, 1972; Gur, 2013). In Caulobacter, Lon plays a particularly intriguing
role in degrading the replication initiator DnaA during proteotoxic stress, which leads to
an arrest of cell cycle progression in toxic conditions [(Jonas et al., 2013); Figure 1.11b].
Lon alone is unable to robustly degrade DnaA in vitro, but addition of an unfolded
polypeptide (which is readily degraded by Lon alone) can allosterically activate Lon.
This activated Lon can now rapidly degrade DnaA (Jonas et al., 2013). Given that other
known Lon substrates, such as CcrM and SciP (Gora et al., 2013; Wright et al., 1996),
can also stimulate DnaA degradation (Jonas et al., 2013), this effect is not likely limited
to a single stress condition. Indeed, allosteric stimulation of other Lon orthologs by
protein substrates has been previously observed (Gur and Sauer, 2009; Rudyak and
Shrader, 2000; Watabe et al., 2001; Waxman and Goldberg, 1982) supporting a
conserved role for Lon activation.

Cells lacking Lon show fitness defects under a number of growth conditions, such
as during stationary phase growth, where nutrient depletion causes cellular stress (Leslie
et al., 2015). DnaA degradation is one critical function of Lon, but it is clear that Lon is
responsible for other crucial functions as cells lacking Lon show phenotypes distinct from
overabundance of DnaA (Leslie et al., 2015). Interestingly, cells lacking ClpA are also
defective during extended growth in the stationary phase, suggesting that ClpAP plays a
crucial role during nutrient stress conditions (Liu et al., 2016). In Caulobacter, ClpAP
degrades the flagella regulator FliF (Grunenfelder et al., 2004) and the cytoskeletal
proteins FtsZ and FtsA (Williams et al., 2014), and also serves as a redundant protease
for DnaA (Liu et al., 2016). Because ClpAP can degrade misfolded or aggregated
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proteins (Dougan et al., 2002), it is tempting to speculate that defects in Caulobacter due
to loss of ClpA may also be due in part to a failure of a proper response to proteotoxic
stresses.

In contrast to Lon and ClpA, ClpX and ClpP are essential in Caulobacter (Jenal
and Fuchs, 1998). However, deletion of the socB toxin gene can suppress this essentiality
(Aakre et al., 2013). A satisfying explanation for this result came from the elegant
demonstration that the SocA antitoxin promotes SocB toxin degradation by the ClpXP
protease [(Aakre et al., 2013); Figure 1.11b]. SocB binds the replication sliding clamp
DnaN and arrests replication but levels of this toxin are kept low through SocAdependent degradation of SocB by ClpXP. Thus, one immediate consequence of ClpX
loss is the stabilization of SocB which leads to replication arrest and cell death (Aakre et
al., 2013). SocB is also highly upregulated during DNA damaging conditions, suggesting
it may play a physiological role in these conditions (Modell et al., 2011). Interestingly,
the clamp loader subunit DnaX is also a ClpXP substrate, but in this case, partial
processing of full-length DnaX to a shorter form is required for normal growth [(Bhat et
al., 2013; Vass and Chien, 2013); Figure 1.11b]. Strains constitutively expressing a
nondegradable full-length DnaX and a truncation mimicking the shorter form are viable
but fail to mount a robust DNA damage response (Vass and Chien, 2013). Taken together
with the fact that LexA, the principal regulator of the SOS response, was also identified
as a candidate ClpP substrate (Bhat et al., 2013), it appears that ClpXP plays an important
role in managing DNA damage in Caulobacter. Because destruction of a sliding clamp
toxin (Aakre et al., 2013) and processing of the sliding clamp loader are both essential

!

37!

(Vass and Chien, 2013), it is particularly tempting to consider that ClpXP may play a
central role in balancing clamp dynamics and activity during normal or stress conditions.

Finally, stressful conditions also arise when normal processes are overtaxed. For
example, ribosome stalling on damaged or nonstop mRNAs results in a loss of translation
capacity, and failure to rescue these ribosomes results in cell death (Feaga et al., 2014;
Keiler, 2015) During such conditions, most bacteria, including Caulobacter (Keiler et al.,
2000), use the specialized transfer messenger RNA (tmRNA) to cotranslationally append
the ssrA peptide tag that encodes its own stop codon to clear stalled ribosomes (described
above) (Keiler et al., 1996). The ssrA peptide also targets the tagged polypeptide for
degradation (Gottesman et al., 1998; Keiler et al., 1996). The SspB adaptor augments this
process by enhancing delivery of tagged proteins to ClpXP (Levchenko et al., 2000). In
Caulobacter, mutants lacking tmRNA show delays in replication initiation which cannot
be complemented by a nondegradeable ssrA tag (Keiler and Shapiro, 2003a, b),
supporting a need for ssrA-dependent degradation during normal growth.
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Figure 1.11: Proteolytic control during normal growth and stress responses in
Caulobacter. (a) In Caulobacter, the Lon protease rapidly degrades DnaA (red) during
proteotoxic stress conditions, resulting in cell cycle arrest. This stress also causes
protein misfolding (green circles to squiggle lines). Reconstitution experiments support a
model where misfolded proteins (green squiggle lines) that are normally Lon substrates
can allosterically activate the Lon protease to degrade DnaA. This protective mechanism
ensures that cells wait until damage has been repaired before continuing with growth. (b)
Chromosomal DNA replication requires sliding clamps that hold the polymerase to the
template DNA. These clamps are loaded by an energy-dependent clamp loader, which is
a complex comprising several proteins, including the ATP hydrolyzing subunit DnaX
(green). In Caulobacter, DnaX is processed by ClpXP to generate a shortened form that
is required for normal growth, and altering these processing dynamics reduces tolerance
to DNA damage. ClpXP also degrades the SocB toxin, a sliding clamp inhibitor, which is
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upregulated during DNA damage. The upregulation of SocB seems to be the primary
cause of cell death upon loss of ClpXP.
1.5 Importance of energy-dependent protein degradation across bacteria
A final consideration of the AAA+ proteases described above is the need for these
proteases in different bacterial species. In E. coli, neither the Clp family nor Lon family
proteases are essential (Maurizi et al., 1990; Maurizi et al., 1985). Neither Clp nor Lon
proteases are essential in B. subtilis, although loss of ClpX results in pleotropic growth
defects (Gerth et al., 1998; Msadek et al., 1998; Ruvolo et al., 2006; Schmidt et al.,
1994). By contrast, both ClpX and ClpP are essential in Caulobacter (Jenal and Fuchs,
1998). As mentioned previously, the accumulation of the replication clamp inhibitor
SocB is likely the immediate cause of cell death upon loss of ClpXP (Aakre et al., 2013).
However, even when socB is deleted, cells completely lacking ClpX or ClpP are still very
sick (Aakre et al., 2013) (R.H. Vass & P. Chien, unpublished data), supporting a critical
role for ClpXP activity beyond preventing SocB toxin buildup. Indeed, protease-trapping
experiments identify hundreds of candidate substrates in Caulobacter, including many
essential proteins (Bhat et al., 2013). This observation raises the question of why different
bacterial species have different protease needs. A simple rationale results from
considering the speed of cell division and the role of cell differentiation in various species
(Figure 1.12). The amount of protein per cell is governed by synthesis and loss. In the
absence of synthesis, the minimum half-life of a protein is determined by the division
time of the cell. Therefore, if cell division is sufficiently fast, then sufficient loss of a
particular protein can be served simply by shutting off synthesis without the need for
rapid protein degradation. For example, E. coli cells divide into equivalent daughter cells
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every 20 minutes in rich media. Therefore, the level of a protein present at 120
copies/cell is reduced to 15 copies/cell in one hour if protein production is halted, an
order of magnitude change without the need for proteolysis. By contrast, every
Caulobacter swarmer cell must differentiate into a stalked cell prior to cell division,
during which time dramatic changes in protein levels occur in the absence of cell division
(Abel et al., 2011; Beaufay et al., 2015; Bhat et al., 2013; Domian et al., 1997;
Grunenfelder et al., 2001; Radhakrishnan et al., 2010) (Table 1.1). Thus, it is perhaps
unsurprising that loss of energy-dependent proteases generally have stronger phenotypic
consequences in Caulobacter than in E. coli.

An extension of this reasoning suggests that many bacteria that undergo
developmental programs without cell division have a greater need for proteolysis than
bacteria that undergo only clonal division. For example, ClpX is essential in S.meliloti
(Kobayashi et al., 2009), which dramatically alters its replication capacity and
morphology during execution of its developmental program during symbiosis. Brucella
abortus relies on CpdR-dependent ClpXP activity to successfully replicate during
macrophage infection illustrating the need for proteolysis during the developmental
transition to a virulent state for pathogenic bacteria (Willett et al., 2015). By this logic,
the developmental transition to a biofilm state for many bacteria would rely heavily on
regulated protein degradation. Similarly, bacteria that respond to stresses that occur at
timescales faster than cell division would also rely on the presence and activity of energydependent proteases to manage the dynamics of these responses. For example, DnaA
degrades rapidly during immediate starvation in Caulobacter (Gorbatyuk and
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Marczynski, 2005; Lesley and Shapiro, 2008; Leslie et al., 2015), an excellent
mechanism to pause growth in nutrient-limiting conditions. Finally, slow-growing
bacteria may depend on proteolysis even more because of the reduced dilution through
cell division.

Figure 1.12: The need for regulated protein degradation in the absence of cell
division across bacteria. (a) Rapidly dividing cells can easily reduce protein levels by
shutting off protein synthesis and diluting the protein pool through multiple cell
divisions. (b) By contrast, cells undergoing a developmental transition or stress response
must change proteins levels in the absence of cell division. Rapid, regulated protein
degradation likely plays a particularly important role during these conditions.
1.6 Aim of the thesis work
Protein degradation is an essential and irreversible biological process so it must be
precisely executed. This would imply that it should be tightly regulated to destroy only
the on-target but spare destruction of important off-targets whose presence is needed for
normal function of a cell. In Caulobacter, regulated protein degradation of many cellcycle factors is critical for its growth and development. The objective of my research
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work was to investigate how the key cell cycle factors are selectively recognized by the
essential ClpXP protease at specific times during a bacterial cell cycle. How do factors
that coordinate degradation of these cell cycle factors recognize their target substrates?
What element(s) of those factors determine substrate-binding preference/specificity?
What happens to those factors after substrate delivery and how do they shield themselves
from degradation during active substrate delivery?

1.7 Organization of the thesis work
The research work described in this thesis answers important questions above and
elucidates the molecular understanding of regulated protein degradation during bacterial
cell cycle. Chapter 1 is the general introduction of energy-dependent protein degradation
in bacteria with a focus on the model organism Caulobacter crescentus. Chapter 2
describes the molecular insights of adaptor-mediated protein degradation and elucidates a
novel mechanism of how hierarchical assembly of adaptors dictates substrate specificity
during Caulobacter cell cycle progression. Chapter 3 focuses on adaptor degradation and
describes how an adaptor, that is also a substrate of the protease, shields itself from
destruction while actively delivering its cognate substrate. Chapter 4 broadens our
understating of the importance of localization of protease and substrate in protein
degradation. Chapter 5 presents the challenges that we face in the discovery of adaptors
and substrates and describes future perspectives that emerge from the thesis work.
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1.8 Significance of the current thesis work
The research work presented in this thesis is not only important for our basic
understanding of how adaptor hierarchies coordinate regulated protein degradation during
replication and bacterial growth but may broadly contribute towards discovery of novel
resistance resilient antibiotic targets. The current antibiotic arsenal directly targets the
growth of bacteria in order to kill it. Growth-related selective pressure allows these
bacteria to evolve thus mitigating the antibiotic effect and subsequently developing
resistance. A growing need of the hour is to identify new antibiotic targets to combat the
problem of antibiotic resistance. New studies indicate that energy-dependent protein
degradation of key proteins by AAA+ proteases is crucial for virulence in many
pathogens (Butler et al., 2006; Ingmer and Brondsted, 2009; Raju et al., 2014; Willett et
al., 2015). Hence, a key strategy targeting protein degradation or its subset, adaptordependent regulated protein degradation, may be the solution as many virulence
pathways are not essential for the normal growth of bacteria and will most likely impose
less pressure for survival. To bolster this idea, a recent study shows that hyperactivation
of CpdR by genetic alteration (an adaptor in Caulobacter) in Brucella abortus, a
pathogenic bacterium that causes brucellosis, results in reduction in macrophage
infection.
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CHAPTER 2
AN ADAPTOR HIERARCHY REGULATES PROTEOLYSIS DURING A
BACTERIAL CELL CYCLE 2
2.1 Summary
Regulated protein degradation is essential. The timed destruction of crucial
proteins by the ClpXP protease drives cell-cycle progression in the bacterium
Caulobacter crescentus. Although ClpXP is active alone, additional factors are
inexplicably required for cell-cycle dependent proteolysis. Here, we show that these
factors constitute an adaptor hierarchy where different substrates are destroyed based on
the degree of adaptor assembly. The hierarchy builds upon priming of ClpXP by the
adaptor CpdR, which promotes degradation of one class of substrates and also recruits the
adaptor RcdA to degrade a second class of substrates. Adding the PopA adaptor promotes
destruction of a third class of substrates, while inhibiting degradation of the second class.
We dissect RcdA to generate bespoke adaptors, identifying critical substrate elements
needed for RcdA recognition and uncovering additional cell-cycle dependent ClpXP
substrates. Our work reveals how hierarchical adaptors and primed proteases orchestrate
regulated proteolysis during bacterial cell-cycle progression.
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Chapter 2 was published as Joshi KK, Berge´ M, Radhakrishnan SK, Viollier PH, and Chien P., Cell,
2015, 163, 419-431.

!
!

60!

2.2 Introduction
Regulated proteolysis is crucial for all life. For example, the timely destruction of
key regulators by energy-dependent proteases during the eukaryotic and bacterial cell
cycle drives replication and growth (King et al., 1996; Konovalova et al., 2014). Because
proteolysis is irreversible, cells face the substantial challenge of stringently distinguishing
specific proteins that are to be rapidly destroyed from many others meant to remain
stable. In bacteria, energy- dependent proteases, such as the essential ClpXP protease, use
accessory factors called adaptors to modulate substrate specificity (Gottesman S., 2003;
Ades S.E., 2004, Guo and Gross, 2014). Adaptor proteins often work by binding directly
to substrates and targeting them to appropriate proteases. One of the first characterized
adaptors is SspB, which enhances ClpXP degradation of incomplete translation products
tagged by the ssrA peptide by binding to the peptide tag and tethering the substrate to the
protease, catalyzing immediate destruction (Dougan et al., 2003; Levchenko et al., 2003).
In this case, the adaptor enforces rapid degradation by increasing effective substrate
concentration through tethering (Kirstein et al., 2009; Battesti and Gottesman, 2013a).
Adaptor proteins can themselves be regulated by anti-adaptors, proteins which block
adaptor activity during different growth or environmental conditions (Battesti and
Gottesman, 2013a).

The Gram-negative α-proteobacterium Caulobacter crescentus has a dimorphic
life cycle where an obligate transition from a swarmer cell (SW) stage to a stalked cell
(ST) stage is driven by degradation of key regulatory proteins (Poindexter J.S., 1981;
Curtis and Brun, 2010). The essential transcription factor CtrA inhibits replication
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initiation and is degraded by ClpXP during the SW to ST transition (Quon et al., 1996;
Domian et al., 1997; Jenal and Fuchs, 1998). The destruction of CtrA promotes assembly
of replication initiation machinery at the origin in ST cells and drives the progression of
the cell cycle (reviewed in Marczynski and Shapiro, 2002; Thanbichler M., 2010).
Similarly, the developmental regulator TacA, which activates transcription of genes
involved in stalk biogenesis and polar development (Biondi et al., 2006; Radhakrishnan
et al., 2008), is degraded by ClpXP in a cell cycle dependent manner (Bhat et al., 2013).

Degradation of both TacA and CtrA depend on the response regulator CpdR
(Iniesta et al., 2006; Bhat et al., 2013). Previous reconstitution experiments have shown
that CpdR enhances degradation of some ClpXP substrates in a phosphorylationdependent manner by acting as an adaptor to activate substrate recognition (Abel et al.,
2011; Rood et al., 2012; Lau et al., 2015). However, addition of the CpdR adaptor alone
does not improve degradation of CtrA in vitro but instead two additional factors, RcdA
and PopA, are needed to promote degradation of CtrA by ClpXP in a second messenger
and phosphorylation-dependent manner (Smith et al., 2014). RcdA and PopA were
originally identified as necessary for cell cycle dependent CtrA degradation in vivo
(McGrath et al., 2006; Duerig et al., 2009) and are thought to obligately interact with
each other (Duerig et al., 2009; Ozaki et al., 2014). Interestingly, orthologs of CpdR and
RcdA are found in most α-proteobacteria, but PopA is restricted to Caulobacter and
closely related species (Brilli et al., 2010; Ozaki et al., 2014), suggesting that CpdR and
RcdA may work independently of PopA. How these factors mechanistically function to
promote degradation of substrates by ClpXP has remained a mystery.
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Here, we show that a hierarchy of adaptors promotes selective protein degradation
dependent on the degree of adaptor assembly with the key finding that RcdA is an
adaptor that requires a primed protease. First, we identify a PopA-independent function
for the RcdA adaptor in facilitating cell cycle dependent degradation of the
developmental regulator TacA by the ClpXP protease. We reconstitute TacA degradation
in vitro to show that RcdA and CpdR are necessary and sufficient to deliver the TacA
substrate to ClpXP. Systematic dissection of TacA uncovers a minimal element that
directs RcdA binding and a sequence motif needed for protease recognition. We find that
RcdA contains a substrate binding domain and a tethering motif that leashes the adaptor
to ClpXP only when the protease is first primed by the CpdR adaptor. We find that these
domains are modular and design chimeric adaptors with altered target specificity and
protease selectivity. We identify additional RcdA-dependent ClpXP substrates,
demonstrating that the RcdA adaptor can bind and deliver a range of substrates. Finally,
we show how PopA works as both an adaptor and anti-adaptor of RcdA by inhibiting
degradation of some substrates and promoting degradation of others, dependent on ligand
binding. This work establishes a class of protease adaptors that tether substrates and
additional adaptors selectively to a primed protease, revealing how an adaptor hierarchy
enforces the selective protein destruction that drives the cell cycle.

2.3 Results
2.3.1 Degradation of the TacA substrate requires CpdR and RcdA, but not PopA
We previously identified TacA as a ClpXP substrate that requires CpdR for its
cell cycle dependent degradation (Bhat et al., 2013; Figure 2.1B). During our
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characterization of this result, we found that expression of a nondegradable TacA allele
(TacA-DD, Bhat et al., 2013) resulted in cells with longer stalks compared to wild-type
(WT) cells (Figure 2.1A), consistent with the role of TacA in stalk biogenesis. Cells
lacking RcdA were previously reported to have increased stalk length (McGrath et al.,
2006) and quantitative measurements showed that these increased lengths were
statistically indistinguishable from those in the TacA-DD strain (Figure 2.1A) suggesting
that RcdA might be needed for proper TacA degradation. In accordance with this model,
the cell cycle dependent degradation of TacA is lost in ∆rcdA strains (Figure 2.1B).

Prior work suggested that RcdA requires the PopA protein for its biological
functions such as the cell cycle dependent degradation of CtrA (Duerig et al., 2009;
Figure 2.1B). Indeed, the regulated degradation of CtrA has been recently reconstituted in
vitro and PopA was necessary to forming a complex with both RcdA and CtrA as part of
this process (Smith et al., 2014). Furthermore, all ClpXP substrates that rely on RcdA for
cell cycle dependent degradation also require PopA (Duerig et al., 2009; Radhakrishnan
et al., 2010). Thus, we were surprised to find that although TacA degradation in vivo was
dependent on RcdA, degradation was unaffected in a ∆popA strain (Figure 2.1B). These
results show an unexpected role for RcdA separate from PopA in driving cell cycle
dependent ClpXP proteolysis, a feature that we next explored biochemically.

Our original identification of TacA as a ClpXP substrate showed that it was
slowly degraded by ClpXP in vitro and required CpdR for in vivo degradation (Bhat et
al., 2013). Because the CpdR adaptor delivers substrates such as PdeA to the ClpXP
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protease (Abel et. al., 2011; Rood et al., 2012; Lau et al., 2015), we first tested if CpdR
could stimulate TacA degradation by ClpXP as well. However, TacA degradation was
unchanged in the presence of CpdR alone (Figure 2.2A). We next asked if addition of
both RcdA and CpdR affected TacA degradation in vitro. Consistent with our in vivo
observations (Figure 2.1B), TacA degradation by ClpXP was dramatically accelerated (>
20-fold decrease in half-life) in the presence of both CpdR and RcdA (Figure 2.2A and
Figure 2.8B). This stimulation was specific as degradation of an unrelated substrate
(GFP-ssrA) by ClpXP was unaffected by the addition of RcdA and CpdR (Figure 2.8C).
RcdA and CpdR failed to deliver TacA with mutations on the extreme C-terminal
residues to di-aspartate suggesting that the native C-terminus constitutes the protease
recognition motif (Figure 2.2A; Bhat et al., 2013). Taken together, these results confirm
our in vivo findings that RcdA has a PopA-independent role in promoting degradation of
certain CpdR-dependent ClpXP substrates.
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Figure 2.1: Cell cycle dependent degradation of the TacA substrate requires RcdA
and CpdR but not PopA. (A) WT cells, ∆rcdA cells and cells expressing either TacA or
TacA-DD as a sole copy from the chromosomal locus were grown to exponential phase
in PYE and imaged by phase contrast microscopy. Lengths of visible stalks (n=104-200)
from a mixed population were measured using ImageJ. Each marker represents stalk
lengths of an individual cell. Data represents mean ± SEM. (B) WT cultures or cultures
of cells lacking RcdA, CpdR and PopA were synchronized and equal number of swarmer
populations were released into fresh PYE medium. Constant volume of samples were
withdrawn at indicated time points and probed with anti-CtrA, anti-TacA, anti McpA and
anti-ClpP antibodies. ClpP, the levels of which remain constant throughput cell cycle was
used as a control. SW = swarmer cell, ST = stalk cell, PD = predivisional cell.
2.3.2 The RcdA adaptor binds the TacA substrate directly to promote degradation
If CpdR and RcdA together make up a substrate specific adaptor system for
delivery of TacA to ClpXP, it seems reasonable that one of the two should interact
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directly with TacA. Based on size-exclusion chromatography, we found that the RcdA
adaptor could directly bind to TacA (Figure 2.2B). TacA is an NtrC-family response
regulator that contains an N-terminal receiver domain (RD), an ATP binding AAA+
domain (AAA) and a C-terminal DNA binding domain (DBD) (Figure 2.2C). To
determine which region of TacA is needed for RcdA-dependent recognition and delivery,
we generated a series of TacA truncations. Given that the degradation of the response
regulator CtrA by CpdR/RcdA/PopA relies on its N-terminal receiver domain (Ryan et
al., 2002), we expected a similar reliance for TacA. Surprisingly, the RD region was
dispensable for adaptor-dependent proteolysis as fragments containing only the DBD
bind to RcdA (Figure 2.8D) and are degraded similar to full length protein (Figure 2.2C).
Further truncations and fusions revealed that a region of 12 residues (437-448) within
TacA was necessary for RcdA binding (Figure 2.2C and Figure 2.2D). In total, these
results support a model where the C-terminal domain of TacA contains both RcdA and
ClpXP recognition motifs that ensure robust degradation of TacA in a CpdR-dependent
fashion (Figure 2.2E). We next sought to understand how the RcdA adaptor delivers the
TacA substrate to the ClpXP protease and how this delivery depends on the adaptor
CpdR.
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Figure 2.2: RcdA binds the TacA substrate directly to promote degradation by
ClpXP. (A) RcdA and CpdR collaborate to accelerate TacA degradation in vitro.
Degradation reactions were performed using either RcdA or CpdR alone or together.
Reaction containing both RcdA and CpdR but not ClpX served as a control. Reactions
consisted of 1 µM TacA, 1 µM TacA-DD, 1 µM RcdA, 2 µM CpdR, 0.4 µM ClpX6 and
0.8 µM ClpP14 when indicated. See also Figure 2.8A and Figure 2.8B. (B) RcdA directly
binds to TacA. His6-TacA or His6-RcdA was loaded either alone or together onto the
analytical size-exclusion column. Collected fractions were resolved by SDS-PAGE gels.
Protein standards used to calibrate the column are indicated above. (C) C-terminal region
of TacA contains the necessary recognition element for RcdA/CpdR-mediated
degradation. Both N- and C-terminally truncated variants of TacA as indicated by residue
numbers were generated and subjected to RcdA/CpdR-mediated ClpXP degradation.
Degradation reaction consisted of 8 µM TacA (2-116), 1 µM TacA (117-488), 3 µM
TacA (312-488), 2 µM his6SUMO-TacA (437-488), 2 µM his6SUMO-TacA (449-488), 1
µM RcdA, 2 µM CpdR, 0.2 µM ClpX6 and 0.4 µM ClpP14 when indicated. Arrows
indicate bands corresponding to the TacA variants. (D) RcdA binds the C-terminus
domain of TacA containing residues 437-488, but not a domain lacking residues 437-448.
RcdA or SUMO appended TacA (437-488) or TacA (449-488) variant was loaded either
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alone or together onto the analytical size-exclusion column. Collected fractions were
resolved by SDS-PAGE gels and stained by Coomassie. Protein standards used to
calibrate the column are indicated above. See also Figure 2.8D. (E) Cartoon of working
model where RcdA binds TacA and delivers it to a CpdR bound ClpXP.
2.3.3 The RcdA adaptor contains a tethering motif needed for substrate delivery to
the CpdR-primed ClpXP protease
Previous work had shown that the disordered C-terminal tail of the RcdA adaptor
plays a critical role in the regulated degradation of the CtrA substrate in vivo (Taylor et
al., 2009). To determine if the C-terminus of RcdA is also important for TacA
degradation, we expressed a variant of RcdA lacking 19 residues from the C-terminus
(RcdA∆C) as the sole copy in vivo and monitored levels of TacA and CtrA during
synchronous growth. As expected, CtrA levels were stable throughout the cell cycle
(Taylor et al., 2009; 2.3A). TacA levels also remain stable in this background while the
non RcdA-dependent ClpXP substrate McpA was still degraded in a cell cycle dependent
manner (Figure 2.3A). Consistent with these in vivo results, RcdA∆C did not stimulate
degradation of TacA in vitro even in the presence of CpdR (Figure 2.3B). Interestingly,
RcdA∆C is still capable of binding TacA (Figure 2.3C, Figure 2.9A and Figure 2.9B)
suggesting that the defect in TacA degradation is downstream of substrate binding. This
architecture is reminiscent of the SspB adaptor, where an N-terminal domain binds ssrAtagged substrates and a ClpX-binding motif at the C-terminus anchors the adaptor to the
protease (Dougan et al., 2003; Levchenko et al., 2003). Therefore, we next sought to
characterize how the C-terminus of the RcdA adaptor contributes to substrate delivery.

The C-terminus of RcdA harbors a number of hydrophobic residues with spacing
consistent with an amphipathic helix (Figure 2.3D and Figure 2.9C). Mutation of these
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residues inhibited RcdA-dependent delivery of the TacA substrate consistent with a
model where the hydrophobic face of the putative amphipathic helix is needed for
delivery. This result suggested that the RcdA tail acts as a binding element for CpdR,
ClpX or both as part of the mechanism by which the RcdA adaptor delivers substrates to
ClpXP. Recently, we showed that CpdR acts a priming adaptor, binding to the N-terminal
domain of ClpX to enhance recruitment of substrates such as PdeA and McpA (Lau et al.,
2015). We considered that the C-terminal tail of the RcdA adaptor might also be
selectively binding to a CpdR-primed ClpXP protease, promoting substrate delivery.

We first tested this model by generating a SspB~RcdA chimeric protein where we
fused the C-terminal 19 residues of RcdA to SspB lacking its ClpX-binding motif (Figure
2.3E). Our rationale was that this chimeric construct would bind ssrA-tagged substrates
like SspB but with the protease binding specificity of RcdA. We used an SspB-obligate
substrate (GFP-ssrA-SS) that requires an adaptor for ClpXP degradation (Lau et al.,
2015; Figure 2.3F). Consistent with our model that the RcdA C-terminal tether relies on a
CpdR-primed ClpXP protease, the SspB~RcdA chimeric adaptor failed to deliver GFPssrA-SS to ClpXP alone, but robustly promotes substrate degradation when CpdR is
added (Figure 2.3F).

Next, we directly measured RcdA binding to its protease partner by following
anisotropy of a fluorescently labeled peptide consisting of the last 19 residues of RcdA.
This peptide bound poorly to either CpdR or ClpX alone, but addition of both resulted in
strong peptide binding (Figure 2.3G). Excess RcdA competitively inhibited peptide
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binding, but RcdA∆C could not compete, consistent with the above results illustrating
that the C-terminus of RcdA is the major contact with the CpdR-primed ClpX (Figure
2.3G and Figure 2.9D). CpdR binds the unique N-terminal domain of ClpX as part of its
delivery mechanism (Lau et al., 2015) and we found that RcdA peptide binding and
substrate delivery to the CpdR-ClpX complex also requires this region (Figure 2.3G and
Figure 2.9E). Taken together, these results support a model in which the CpdR adaptor
binds to the N-terminal domain of ClpX, priming it to recognize the C-terminal
disordered region of RcdA and enhance degradation of the TacA substrate.

!

71!

Figure 2.3: RcdA contains a tethering motif needed for substrate delivery to the
CpdR-primed ClpXP. (A) Cell cycle dependent degradation of TacA requires the Cterminal region of RcdA. Strain expressing RcdAΔC (RcdA lacking the 19 residues Cterminal region) was synchronized and isolated swarmer cells were released into fresh
PYE medium. Constant volume of samples was withdrawn at indicated time points for
Western blot analysis. Each sample was probed with anti-TacA, anti-CtrA, anti McpA
and anti-ClpP antibodies. (B) TacA degradation is not stimulated by RcdA∆C in vitro
even in the presence of CpdR. Degradation reactions were performed either with purified
full-length RcdA or RcdA∆C in the presence of CpdR. Degradation reactions were
similar to Figure 2.1A except 1 µM RcdA∆C was used (C) RcdA∆C directly binds the Cterminal domain of TacA. His6-RcdA∆C was used as a bait protein to pull down TacA
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(312-488) by using Ni-NTA affinity resin. See also Figure 2.9A and Figure 2.9B (D)
Hydrophobic residues in the C-terminal region of RcdA are important for RcdA-mediated
delivery of TacA. Residues L160, L163, F167 were mutated to aspartate and residues
D161, R162 were mutated to alanines (arrows). RcdAD161A,R162A was used as a
control. See also Figure 2.9C. TacA degradation was monitored in reactions containing
these purified RcdA mutants and CpdR. (E) Cartoon depicting SspB, RcdA and
SspB~RcdA chimeric proteins and how delivery of GFP-ssrA-SS substrate is affected by
adaptors. Residue numbers indicate boundaries used to construct the chimeric protein. (F)
SspB~RcdA chimera delivers GFP-ssrA-SS to ClpXP in a CpdR-dependent manner.
GFP-ssrA-SS was subjected to SspB~RcdA chimera-mediated degradation in the
presence or absence of CpdR. Loss of GFP fluorescence was monitored over time.
Reaction consisted of 2 µM GFP-ssrA-SS, 0.5 µM SspB, 0.5 µM SspB (1-125), 1 µM
SspB-RcdA chimera, 4 µM CpdR, 0.4 µM ClpX6 and 0.8 µM ClpP14 when indicated. (G)
The isolated RcdA C-terminal peptide binds to CpdR-primed ClpX, but not ClpX variant
lacking the N-terminal domain. Fluorescence anisotropy was measured for the binding of
40 nM FITC labeled C-terminus 19 residues peptide of RcdA to 4 µM CpdR, 1 µM
ClpX6 or 1 µM ∆NClpX6, 10 µM RcdA, 10 µM RcdA∆C, either alone or in different
combinations as indicated. Data represents mean ± SD. See also Figure 2.9D and See also
Figure 2.9E.
2.3.4 Tethering of the RcdA adaptor to ClpX bypasses the need for CpdR
Our results suggested that tethering the RcdA adaptor to a CpdR-primed ClpXP
complex is needed for TacA degradation. If this model is correct, then we should be able
to constitutively activate RcdA as an adaptor by directly tethering it to ClpX. We fused
the ClpX binding motif of SspB to the RcdA∆C variant to generate the RcdA∆C~XB
chimera. In accordance with our model, RcdA∆C~XB was able to stimulate the
degradation of TacA without the need for CpdR (Figure 2.4A). Strains lacking CpdR
have higher steady-state levels of TacA than wild-type strains, as there is a loss of CpdRdependent TacA degradation (Figure 2.4B and Figure 2.4C). Importantly, expression of
RcdA∆C~XB in this background reduces TacA to wild-type levels (Figure 2.4B) due to a
recovery of TacA degradation in a CpdR-independent manner (Figure 2.4C).
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RcdA is known to interact with PopA, a cyclic di-GMP (cdG) binding protein
(Duerig et al., 2009). We recently showed that RcdA, PopA, and CpdR form a multiprotein adaptor complex in the presence of cdG that delivers CtrA for degradation by
ClpXP (Duerig et al., 2009; Smith et al., 2014). The ability of RcdA to aid in this adaptor
complex formation requires CpdR (Smith et al., 2014) and we speculated that this
extended function of RcdA could also be bypassed by RcdA∆C~XB (Figure 2.4D).
Consistent with this hypothesis, adding RcdA∆C~XB, PopA, and cdG stimulated the
degradation of CtrA even without CpdR (Figure 2.4E and Figure 2.10). Similar to the
recovery of TacA degradation shown above, degradation of CtrA in vivo could also be
restored in cells lacking CpdR if RcdA∆C~XB was expressed (Figure 2.4F). These
results demonstrate that direct tethering of RcdA to ClpX is sufficient for delivery of
substrates to ClpXP and to assemble a multi-protein adaptor complex for CtrA
degradation. Thus, priming of ClpX by the CpdR adaptor contributes to CtrA/TacA
degradation principally by generating a tethering site for the RcdA adaptor.
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Figure 2.4: Direct tethering of RcdA to ClpX is sufficient for delivery of the TacA
substrate. (A) RcdA∆C~XB alone delivers TacA to ClpXP for degradation in vitro.
Schematic depicting different fusion constructs is shown. Degradation reactions were
performed either with RcdA∆C~XB alone, RcdA alone or in the presence of CpdR.
Degradation reactions consisted of 1 µM TacA, 1 µM RcdA∆C~XB, 1 µM RcdA, 2 µM
CpdR, 0.4 µM ClpX6 and 0.8 µM ClpP14 when indicated. (B, C) RcdA∆C~XB delivers
TacA for degradation in the absence of CpdR in vivo. Steady-state levels of TacA were
measured in ∆cpdR cells expressing rcdA∆C~XB, rcdA or WT cells containing the empty
vector. Exponential phase cells were induced with 0.003% xylose for 1 hour. Lysate from
equal number of cells was used for Western blot analysis to probe using anti-TacA
antibody. Cropped image of the blot from ∆tacA lysate is shown. Protein synthesis was
inhibited during exponential growth with chloramphenicol. Samples were withdrawn at
indicated time points and normalized to OD before Western blot analysis. Asterisk
indicates a cross-reacting band. (D, E) RcdA∆C~XB in conjunction with PopA and cdG
delivers a GFP-CtrA reporter to ClpXP independent of CpdR in vitro. Cartoon depicting
RcdA∆C~XB /PopA/cdG-mediated GFP-CtrA-RD+15 delivery to ClpXP is shown.
Reactions for monitoring loss of fluorescence from GFP-CtrA-RD+15 degradation were
carried out either with RcdA alone, RcdA with PopA/cdG, RcdA∆C~XB alone, or
RcdA∆C~XB with PopA/cdG. Degradation reactions consisted of 1 µM GFP-CtrA!
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RD+15, 1 µM RcdA∆C~XB, 1 µM RcdA, 2 µM CpdR, 1 µM PopA, 20 µM cdG, 0.4 µM
ClpX6 and 0.8 µM ClpP14 when indicated. See also Figure 2.10. (E) RcdA∆C~XB
promotes CtrA degradation in the absence of CpdR in vivo. Experiments were performed
as in Figure 2.4C, except blots were probed with anti-CtrA and anti-ClpP antibodies.
ClpP was used as a loading control.
2.3.5 Proteomic identification of additional RcdA-dependent ClpXP substrates
Our working model is that the RcdA adaptor recognizes protease substrates via an
N-terminal substrate-binding domain and engages a CpdR-primed ClpX via its disordered
C-terminal region. We speculated that other substrates in addition to TacA may also be
delivered to ClpXP in a similar fashion and used a proteomics approach to identify these
candidates. We expressed epitope tagged RcdA variants M2-RcdA (which fully
complements; Figure 2.11A) and M2-RcdA∆C in ∆rcdA cells, lysed cells, and
precipitated RcdA interacting proteins using M2-FLAG affinity beads (Figure 2.5A). Our
rationale for using both variants was that targets of RcdA should bind both constructs, but
would be enriched in the M2-RcdA∆C binding pool due to the cell’s inability to degrade
those targets. As expected, TacA was enriched in the elution fraction of M2-RcdA∆C
relative to the M2-RcdA elution and was absent in mock pull down experiments (Figure
2.11B). We identified putative RcdA partners by trypsinization/mass spectrometry and
applied an enrichment filter to prune the candidate pool (see Methods and Supplementary
data). We focused on two proteins of unknown function that were strongly enriched by
this approach (see Methods and Supplementary data). CC2323 was a protein that we had
previously identified as a ClpXP substrate based on a ClpP trapping approach (Bhat et al.,
2013) and CC3144 was a protein that was enriched as strongly as TacA in our RcdA pull
down (see Methods and Supplementary data).
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We found that CC3144 protein levels oscillated in a cell cycle dependent manner
similar to TacA and CtrA (Figure 2.5B). Importantly, purified CC3144 was only robustly
degraded upon addition of CpdR and RcdA (Figure 2.5C). CpdR and RcdA were both
required for CC3144 degradation in vivo, but as in the case for TacA, PopA was
dispensable for CC3144 degradation (Figure 2.5B). Similarly, RcdA forms a tight
complex with purified CC2323 in vitro (Figure 2.11C, and degradation of this protein by
ClpXP was enhanced by addition of CpdR and RcdA (Figure 2.5D) although an M2tagged variant of CC2323 did not mirror TacA or CC3144 degradation in vivo, possibly
due to disruption of the protein by the tag (Figure 2.11D). Taken together, these data
reveal that the RcdA adaptor can bind and deliver a number of substrates in addition to
TacA.
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Figure 2.5: Proteomic identification and validation of RcdA-dependent ClpXP
substrates. (A) In vivo pull downs reveal additional binding partners of RcdA. M2FLAG affinity resin was used to pull down M2-epitope tagged RcdA or RcdA∆C from
lysates of ∆rcdA cells expressing either M2-RcdA or M2-RcdA∆C. Lysate from cells
expressing M2 peptide alone was used as a control. Cropped images of silver stained
SDS-PAGE gels from elution pool of M2, M2-RcdA and M2-RcdA∆C are shown.
Protein markers are indicated. See also Figure 2.11A and Figure 2.11B. (B) CC3144 is
degraded in a cell cycle dependent manner and requires RcdA and CpdR but not PopA.
Cultures of WT or cells lacking RcdA, CpdR and PopA were synchronized and swarmer
populations were released into fresh M2G medium. Constant volume of samples were
withdrawn at indicated time points and probed with anti-CC3144 and anti-CtrA
antibodies. (C, D) ClpXP-mediated degradation of CC3144 or CC2323 is enhanced in the
presence of RcdA and CpdR. Reactions consisted of 1 µM CC3144 or CC2323, 1 µM
RcdA, 2 µM CpdR, 0.4 µM ClpX6 and 0.8 µM ClpP14 when indicated. In D, CC2323
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degradation was visualized by Coomassie staining. In C, overlapping bands made it
necessary to use Western blotting to detect the purified CC3144 using anti-CC3144
antibody. Asterisks denote cross-reacting bands. See also Figure 2.11C. E. Cartoon of
RcdA delivering diverse substrates to a CpdR-primed ClpXP.
2.3.6 Adaptors can also act as anti-adaptors
Adaptors can be controlled by anti-adaptors, as shown by the complex regulation
of RssB adaptor by the Ira family of proteins (Bougdour et al., 2006; Battesti et al.,
2013b). Outside of RssB, few examples of anti-adaptors have been described; however,
we considered that RcdA could be subject to anti-adaptor regulation as it can clearly bind
diverse partners (Figure 2.5). In particular, PopA must be bound to cdG in order to
facilitate degradation of CtrA by CpdR/RcdA/ClpXP (Figure 2.10; Smith et al., 2014) but
prior work suggests that PopA and RcdA still bind in the absence of cdG (Duerig et al.,
2009; Smith et al., 2014). Therefore, we speculated that PopA could act as an inhibitory
anti-adaptor for RcdA-specific substrates in addition to its stimulatory role in activating
CtrA degradation (Figure 2.6A). Indeed, steady-state levels of TacA and CC3144 are
slightly lower in ΔpopA cells (Figure 2.6B and Figure 2.12A. Consistent with an antiadaptor role for PopA, TacA is degraded more rapidly in ΔpopA cells (Figure 2.6C,
Figure 2.12B and Figure 2.12C). Excess PopA suppresses RcdA-dependent TacA
degradation in vitro even in the absence of cdG (Figure 2.6D), while addition of cdG
promotes CtrA degradation (Figure 2.6E). Thus, PopA can be both an adaptor of RcdA
that enhances CtrA degradation and an anti-adaptor of RcdA that blocks TacA
degradation. Similarly, excess RcdA inhibits degradation of the PdeA substrate in vitro
and steady-state levels of the McpA substrate are lower in the absence of RcdA and PopA
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(Figure 2.12D and Figure 2.12E), consistent with a general model where members of the
adaptor hierarchy can act as anti-adaptors for substrates at a lower hierarchical level.

Figure 2.6: Adaptors can also act as anti-adaptors. (A) Cartoon depicting PopAmediated inhibition of TacA degradation and PopA/cdG-dependent stimulation of CtrA
degradation. (B) Steady-state levels of TacA and CC3144 are lower in ∆popA cells
compared to WT, ∆rcdA or ∆cpdR cells. Lysates from equal OD600 of WT, DpopA,
DrcdA and DcpdR strains were used for Western blot analysis, probing with anti-TacA,
anti-CC3144, anti-CtrA and anti-MreB antibodies. MreB was used as a loading control.
See also Figure 2.12A. (C) TacA is degraded more rapidly in ∆popA cells compared to
WT. WT and ∆popA cells bearing M2-epitope tagged TacA were grown at exponential
phase and subsequently induced with 0.003% xylose for 1 hour. Protein synthesis was
inhibited by addition of chloramphenicol. Samples were withdrawn at indicated time
points and normalized to OD before performing Western blot analysis using anti-TacA
and anti-ClpP antibodies. ClpP was used as a loading control. See also Figure 2.12B and
Figure 2.12C. (D) Excess PopA suppresses TacA degradation independent of cdG in
vitro. Reactions consist of 1 µM TacA, 1 µM RcdA, 2 µM CpdR, 5 µM PopA, 100 µM
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cdG, 0.4 µM ClpX6 and 0.8 µM ClpP14 when indicated. (E) PopA/CpdR/RcdA
accelerates CtrA degradation in a cdG-dependent manner in vitro. Reaction conditions
are similar as in Figure 2.6D except 1 µM PopA, 20 µM cdG, and 10 µM PfliF were used.
2.4 Discussion
Protein degradation is essential, but must be exquisitely controlled so that offtarget proteins are not destroyed as unrestrained proteolysis is lethal to cells (BrötzOesterhelt et al., 2005). In Caulobacter crescentus, the regulated destruction of cell cycle
factors by the essential protease ClpXP coordinates replication and development. Genetic
studies pointed to several key factors necessary to mediate degradation in vivo, but it was
unclear how they mechanistically coordinated regulated degradation. Part of this
uncertainty arose from the complex relationship between these factors and substrate
degradation, where different factors were needed for degradation of different substrates.
Although ClpXP is active on its own, the response regulator CpdR is required for
degradation of all known cell cycle dependent ClpXP substrates in vivo (Iniesta et al.,
2006; Abel et al., 2011; Bhat et al., 2013) and the proteins RcdA and PopA are needed
for degradation of only a subset of these targets (Duerig et al., 2009; Radhakrishnan et
al., 2010). We found previously that the adaptor CpdR directly facilitates degradation of
some ClpXP substrates such as the phosphodiesterase PdeA (Rood et al., 2012; Lau et al.,
2015); however, the CpdR adaptor alone is insufficient to enhance degradation of other
substrates such as CtrA (Smith et al., 2014). Here, we show that RcdA is an adaptor that
tethers proteins to the ClpXP protease only when the protease is first primed by CpdR.
The RcdA adaptor binds the protease substrates TacA, CC2323 and CC3144 to deliver
them to a CpdR-primed ClpXP. RcdA also binds the PopA adaptor which promotes
recruitment of additional substrates, such as CtrA, to the primed protease (Figure 2.7).
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Figure 2.7: A model for adaptor hierarchies orchestrating proteolysis. Priming of the
ClpXP protease by the CpdR adaptor enhances degradation of the substrates McpA and
PdeA. The CpdR-primed ClpXP complex can also recruit the RcdA adaptor. RcdA binds
directly to the substrates TacA, CC3144, or CC2323 and delivers them to the CpdRprimed ClpXP protease for degradation. The PopA protein acts as an anti-adaptor by
binding the RcdA adaptor and inhibiting degradation of the substrate TacA. In response
to cdG, PopA also acts as an adaptor of RcdA to deliver the substrate CtrA to the CpdRprimed ClpXP protease. This hierarchical formation of adaptors, anti-adaptors and
primed proteases dictates cell cycle dependent protein degradation.
2.4.1 Implications for adaptor and substrate discovery
Traditionally, an adaptor protein could be recognized by its ability to bind
substrate directly and to physically interact with the protease to deliver the substrate.
Examples of ClpXP adaptors include SspB, which binds and delivers ssrA-tagged
substrates, and RssB, which delivers the RpoS substrate to ClpXP (Zhou et al., 2001;
Dougan et al., 2003). For both cases, the definitive proof that these were adaptors was
that they were able to enhance degradation of their substrates by ClpXP in vitro. It is
inherently difficult to identify new adaptors because without prior knowledge of their
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substrates, designing an experiment to test adaptor activity is almost impossible. For
example, in this work we found that RcdA was able to deliver substrates for ClpXP
mediated degradation. However, RcdA cannot deliver substrates to ClpXP alone, but
requires a CpdR-primed ClpXP. Had we not initially identified CpdR as an adaptor of
ClpXP during our characterization of PdeA degradation (Abel et al., 2011; Lau et al.,
2015), our efforts to reconstitute the adaptor activity of RcdA would have been futile.
This example demonstrates a central difficulty in adaptor/substrate discovery. Namely, a
candidate is proven to be an adaptor by monitoring the degradation of a specific
substrate, but reconstituting substrate degradation requires knowing that the adaptor or
other additional factors are needed in the first place.

Systematic approaches to

identifying new adaptor/substrate pairs are needed.

2.4.2 Proteolytic regulation by hierarchical assembly of adaptors
Protein degradation is a tightly regulated process that is needed for cell cycle
progression. In eukaryotes, the 26S proteasome specifically recognizes ubiquitinated
proteins generated by the stage specific activity of APC/C and SCF ubiquitin ligases. As
bacteria lack ubiquitination, they often employ adaptors to promote rapid protein
degradation. How this process can accommodate the hundreds of substrates degraded
during the cell cycle (Duerig et al., 2009; Radhakrishnan et al., 2010; Bhat et al., 2013;
Smith et al., 2014) while maintaining specificity is a substantial challenge. One way
bacteria can overcome this challenge is to employ hierarchical control of proteases,
tightly regulating the activity of a single protein during the cell cycle that initiates a
cascade of proteolytic events. In the case of Caulobacter crescentus, cell cycle dependent
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phosphorylation of CpdR gates its ability to prime ClpX for recruitment of substrates
such as PdeA (Abel et al., 2011; Lau et al., 2015). When activated, CpdR binding to
ClpX also promotes engagement of the RcdA adaptor that directly delivers some
substrates (TacA, CC2323, CC3144) and indirectly delivers substrates such as CtrA
through recruitment of additional adaptors such as PopA. Thus, which substrate is
degraded depends on the degree of the adaptor hierarchy that has assembled at that time
which could aid in prioritization of substrate destruction, e.g., CtrA is only degraded
when the complete adaptor hierarchy is assembled (Figure 2.7).

When bound to cdG, PopA acts as an adaptor to promote CtrA degradation, but in
the absence of cdG, PopA can moonlight as an anti-adaptor for RcdA-dependent protease
substrates such as TacA. Similarly, excess RcdA adaptor can inhibit degradation of PdeA
presumably by competing for a limited amount of CpdR-primed ClpXP. We speculate
that a general feature of adaptor hierarchies is that adaptors operating at a higher level of
the hierarchy can serve as anti-adaptors for substrates reliant only on the lower levels of
the hierarchy. An intriguing corollary to this model is that other known anti-adaptors
(such as the Ira family of proteins that block the RssB adaptor) could also moonlight as
adaptors and aid in the delivery of as yet unknown substrates.

2.4.3 The role of adaptor hierarchies in bacterial development
Finally, we again note that CpdR and RcdA are conserved throughout αproteobacteria, while the presence of PopA appears restricted to Caulobacter and closely
related species (Brilli et al., 2010; Ozaki et al., 2014). As PopA is responsive to the
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second messenger cyclic di-GMP, levels of which oscillate during the cell cycle (Abel et
al., 2013; Lori et al., 2015), our work suggests that CpdR and RcdA may represent an
ancestral adaptor complex that has been co-opted by Caulobacter for coupling second
messenger cues to cell cycle progression. In S. meliloti, it is clear that adaptors play a
crucial role in the symbiosis transition, where misregulation of CpdR dramatically affects
proper nodule formation and plant growth (Kobayashi et al., 2009; Pini et al., 2015;
Schallies et al., 2015). In general, bacterial development (such as the morphological
transition of Caulobacter or sporulation of Bacillus) requires changes in proteome
composition within a single generation. Adaptor hierarchies could robustly promote these
changes while maintaining the control needed to selectively degrade proteins in a specific
order or priority.

2.5 Experimental Procedures
2.5.1 Bacterial strains and growth conditions
Bacterial strains used in the study are tabulated in Table 2.2. E. coli strains were
grown in Luria-Broth (LB) at 37 °C with the appropriate antibiotic (100 µg/ml ampicillin,
50 µg/ml kanamycin, 50 µg/ml spectinomycin). Caulobacter strains were grown in
Peptone-Yeast -Extract (PYE) media at 30 °C with 25 µg/ml spectinomycin or 5 µg/ml
kanamycin, wherever required and supplemented with xylose to induce gene expression
as indicated in the figure legends.
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2.5.2 Cloning, mutagenesis and protein purification
Caulobacter strains expressing TacA and TacA-DD were used as described
previously (Bhat et al., 2013). Caulobacter strain harboring the rcdA∆C allele was used
as described by Taylor et al., 2009. M2-tagged RcdA or M2-tagged RcdA∆C was
generated in pENTR plasmid and transferred into xylose-inducible expression plasmids
using Gateway-based cloning (Skerker et al., 2005). Truncated variants of TacA were
generated by amplifying desired region of TacA as indicated in the figures using roundthe-horn site-directed mutagenesis or Gibson assembly method (Gibson et al., 2009) with
pET23SUMO as template. CC3144 and CC2323 was amplified with appropriate primers
using genomic DNA from C. crescentus as template and then cloned into pTE28a and
pET23SUMO expression plasmid, respectively. SspB-RcdA chimeric protein was
generated by replacing 10 C-terminal residues of SspB with 19 C-terminal residues of
RcdA. The RcdA∆C~XB fusion construct was generated in pET28a vector by designing
appropriate primers to append the last 10 residues of SspB to RcdA∆C. All the constructs
were confirmed by sequencing. Oligonucleotide sequences are available upon request.
BL21(DE3) E.coli cells bearing expression plasmid for different proteins were grown till
the OD600 reached ~ 0.4 to 0.8, induced with 0.4 mM IPTG for 3-5 h and then centrifuged
at 5000 rpm for 15 minutes. Pellets were resuspended in lysis buffer containing 50 mM
Tris pH 8.0, 300 mM NaCl, 10 mM imidazole, 10% glycerol, 5 mM β-mercaptoethanol
and frozen at -80 0C till further use. Cells were lysed using a Microfluidizer system
(Microfluidics, Newton, MA). The lysate was applied onto a Ni-NTA column for affinity
purification. SUMO-tagged proteins were cleaved by Ulp1-his protease (Rood, et al.
2012). Proteins were further purified by size exclusion and anion exchange
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chromatography using Sephacryl 200 16/60 and MonoQ 5/50 columns. ClpX and ClpP
were purified as described previously (Chien et al., 2007). Detailed purification protocols
are available upon request.

2.5.3 Synchronization and in vivo protein stability assays
Synchronization experiments were performed by growing Caulobacter strains to
an OD600 of 0.3-0.5 in PYE or M2G media with appropriate antibiotic and xylose when
required as indicated in figure legends. Swarmer cells were isolated using Percoll density
gradient centrifugation. The isolated swarmer cells were then released into fresh PYE or
M2G minimal media for progression through cell cycle. In vivo protein stability assays
were performed by growing WT or Caulobacter cells, expressing different constructs
from a xylose inducible plasmid, to an OD600 of ~0.3 in PYE medium containing 25
µg/ml spectinomycin. Protein expression was induced with 0.003% xylose for 1 hour
wherever indicated in figure legends and then protein synthesis was blocked by addition
of 30 µg/ml chloramphenicol.

2.5.4 Microscopy
Phase contrast microscopy was performed on glass slides layered with 1%
agarose pad. A Zeiss Scope A.1 microscope (Zeiss, Germany) equipped with 100X (1x25
oil ph3 ∞/0.17) objective and 60 N-C 1" 100x camera was used. Images were analyzed
with Axiovision and ImageJ (NIH, USA) software.
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2.5.5 Gel and fluorescence-based degradation assays
Degradation of proteins was monitored using SDS-PAGE gels as described
previously (Bhat et al., 2013). The concentrations of different proteins used in
degradation reactions are indicated in the figure legends. Degradation of GFP-ssrA and
GFP-ssrA-SS were monitored with the loss of fluorescence over time as described
previously (Smith et al., 2014).

2.5.6 Western blot analysis
Cell cultures withdrawn at indicated time points were spun down, resuspended in
2X SDS sample buffer, boiled at 95 °C for 10 minutes and then centrifuged. After
centrifugation, the clarified supernatant was loaded onto SDS-PAGE gels. Proteins were
then transferred to a polyvinylidene difluoride (PVDF) membrane at 20V for 1 hour and
probed with polyclonal rabbit anti-CtrA (1:5000 dilution), anti-McpA (1:10000 dilution),
anti-TacA (1:10000 dilution), anti-CC3144 (1:5000 dilution), anti-ClpP (1:5000 dilution),
anti-MreB (1:10000 dilution) or monoclonal mouse anti-FLAG M2 (1:5000 dilution;
Sigma, USA) antibodies. Proteins were visualized with either goat anti-rabbit (Millipore,
USA) or goat anti-mouse (Millipore, USA) secondary antibodies conjugated to HRP
using a chemiluminescence detection system (G:box Chemi XT4, Syngene, UK).

2.5.7 Analytical size-exclusion chromatography
Analytical size-exclusion chromatography was performed to detect interaction between
proteins using a Superdex 200 5/150 column (GE Healthcare, USA). The column was
equilibrated with H-buffer (20 mM HEPES-KOH, pH 7.5, 100 mM KCl, 10 mM MgCl2,
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10% glycerol, 5 mM β-mercaptoethanol) and standardized using Thyroglobulin, γglobulin, Ovalbumin, Myoglobulin and VitaminB12 as protein standards (Biorad, USA).
Purified RcdA or RcdA∆C either alone or in combination with TacA or TacA variants
were loaded onto the column. The elution profile was monitored by measuring
absorbance at 280 nm.

2.5.8 In vitro and in vivo pull down assays
In vitro pull down assays were performed by incubating purified his6-RcdA (10
µM) or his6-RcdA∆C (10 µM) or TacA (312-488) (5 µM) or PdeA (5 µM) either alone
or together with 50 µl pre-equilibrated Ni-NTA resin (Thermo-Scientific, USA) at 4 °C
for 1 hour. The resin was washed twice with H-buffer supplemented with 20 mM
Imidazole. Bound complex was eluted with H-buffer containing 200 mM Imidazole.
Eluted proteins were analyzed by SDS-PAGE gels.

In vivo pull down assays were performed by loading lysates (containing equal
amount of protein) from cells expressing either M2 peptide, M2-RcdA or M2-RcdA∆C
onto a pre-equilibrated anti-FLAG M2 affinity resin packed column (Sigma, USA). The
buffer used for equilibration was 50 mM Tris, pH 7.5 and 150 mM NaCl (TBS). The
resin was washed twice with TBS and the bound proteins were eluted with 0.1 M glycineHCl, pH 3.5 buffer. Eluted proteins were analyzed by silver staining and identified by
tandem mass spectrometry (see Supplementary experimental procedure).
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2.5.9 Fluorescence anisotropy-based assay
Fluorescence anisotropy experiments were performed using a fluorescein
isothiocynate (FITC) labeled 19 residues C-terminus peptide of RcdA (FITCEAPRPVQNQLDRLTAAFGG, LifeTein, USA). The peptide was incubated with
proteins as indicated in Figure 2.3G in H-buffer. Anisotropy was monitored at 30 0C with
a Spectramax M5 (Molecular Devices) plate reader with excitation and emission
wavelengths set at 488 nm and 525 nm, respectively.
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Figure 2.8. The RcdA adaptor directly binds the TacA substrate to facilitate its
CpdR-dependent ClpXP degradation. Related to Figure 2.2. (A) Hexahistidine tag at
the N-terminus of TacA does not interfere with its degradation. Reactions consisted of 1
µM his6-TacA or 1 µM untagged TacA, 1 µM RcdA, 2 µM CpdR, 0.4 µM ClpX6 and 0.8
µM ClpP14 when indicated. (B) Quantitation of gels shown in Figure 2.2A. (C) RcdA and
CpdR-mediated degradation of TacA is substrate specific. Turnover rates and KM of
ClpXP-mediated GFP-ssrA degradation were measured in the presence or absence of
RcdA/CpdR. Data was fitted to the Michaelis-Menten equation (Kaleidagraph).
Reactions consist of 1 µM RcdA and 2 µM CpdR, 0.1 µM ClpX6 and 0.2 µM ClpP14.
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Data represents mean ± SD. (D) RcdA directly interacts with DBD containing domain of
TacA. His6-tagged RcdA was used as a bait protein to pull down TacA (312-488) or
PdeA using Ni-NTA affinity resin. PdeA was used as a control prey protein.
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Figure 2.9. The C-terminus of the RcdA adaptor is dispensable for substrate
binding but essential for tethering RcdA to CpdR-primed ClpXP. Related to Figure
2.3. (A) RcdA∆C directly interacts with TacA in vitro. His6-TacA or his6-RcdA∆C was
loaded either alone or together onto the analytical size-exclusion column. Note that the
same his6-TacA alone experiment is shown in Figure 2.2B and again here for
comparison. (B) RcdA∆C directly binds TacA fragments encompassing residues 437-488
but not 449-488. RcdA∆C, SUMO appended TacA (437-488), and TacA (449-488)
variants were loaded alone or together onto the analytical size-exclusion column. For A
and B, collected fractions were resolved by SDS-PAGE gels and stained by Coomassie.
Protein standards used to calibrate the column are indicated above. Note that the same
his6-SUMO-TacA (437-488) alone and his6-SUMO-TacA (449-488) alone experiments
are shown in Figure 2.2D and again here for comparison. (C) Helical wheel projection of
the C-terminal region (residues from 151-169) of RcdA. Hydrophobic residues are circled
in blue, charged/polar residues in red for the putative amphipathic helix. (D) RcdA, but
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not RcdA∆C, competitively inhibits RcdA peptide binding to CpdR and ClpX complex in
a concentration-dependent manner. Fluorescence anisotropy was measured for the
binding of 40 nM FITC labeled C-terminus peptide of RcdA with 4 µM CpdR and 1 µM
ClpX6 with varying concentrations of RcdA and RcdA∆C as indicated. The decrease in
fluorescence anisotropy reflects competition for peptide binding. Data represents mean ±
SD. (E) The N-terminal domain of ClpX is needed for RcdA/CpdR-dependent
degradation of TacA. Reactions consist of 1 µM TacA or 1 µM GFP-ssrA, 1 µM RcdA, 2
µM CpdR, 0.4 µM ClpX6 or 0.4 µM ∆NClpX6, and 0.8 µM ClpP14 when indicated. GFPssrA was used as a control to monitor the activity of ∆NClpX6.
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Figure 2.10. Enhancement of CtrA degradation by RcdA∆C~XB, PopA and cdG
does not further improve upon addition of CpdR. Related to Figure 2.4. Degradation
reactions consist of 1 µM CtrA, 1 µM RcdA∆C~XB, 1 µM RcdA, 2 µM CpdR, 1 µM
PopA, 20 µM cdG, 0.4 µM ClpX6 and 0.8 µM ClpP14 when indicated. As a control,
enhancement of CtrA degradation by wild-type RcdA/PopA/cdG requires CpdR.
Reaction conditions were similar as before except RcdA was used instead of
RcdA∆C~XB. Note that for comparison, the no ATP and the +RcdA+PopA+cdG data
from Figure 2.4E has been shown here as well.
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Figure S4
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Figure 2.11. The RcdA adaptor binds additional substrates. Related to Figure 2.5.
(A) An N-terminally M2-epitope tagged RcdA complements DrcdA as shown by
sustaining CtrA oscillation during the cell cycle. ∆rcdA cells harboring a plasmid
expressing N-terminally tag RcdA were synchronized and the isolated swarmer
population was released into fresh PYE media. Constant volume of samples was
collected at indicated time points for Western blot analysis. Each withdrawn sample was
probed with anti-CtrA, anti-McpA and anti-ClpP antibodies. (B) Western blotting with
anti-TacA antibody shows that TacA is immunoprecipitated by M2-RcdA and further
enriched with M2-RcdA∆C in vivo. Total lysate and elution fractions of Figure 2.5A
were probed with anti-TacA and anti-M2 FLAG antibodies. Cropped images of the blots
are shown together for comparison. (C) CC2323 directly interacts with RcdA. His6-RcdA
is used as a bait protein to pull down CC2323 using Ni-NTA affinity resin in vitro. (D)
Constitutively expressed M2-CC2323 is not cyclically degraded in vivo. WT cells
expressing an N-terminally M2-tagged CC2323 from a xylose inducible plasmid were
synchronized and swarmer cells were isolated. Equal volumes of samples were
withdrawn at indicated time points followed by Western blot analysis using anti-M2
antibody. ClpP was used as a loading control.
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Figure 2.12. An adaptor can act as an anti-adaptor for substrates of the downstream
adaptor of the hierarchy. Related to Figure 2.6. (A) Quantitation of Western blot
shown in Figure 2.6B depicted changes in substrate concentration in different mutant
strains (normalized to wild-type). Images were quantitated using ImageJ (NIH, USA),
using MreB to normalize across lanes. (B) TacA is degraded rapidly in ∆popA cells
compared to WT. WT and ∆popA strains were grown to exponential phase and translation
was inhibited by addition of chloramphenicol. Samples were withdrawn at indicated time
points and normalized for OD before Western blot analysis using anti-TacA antibody.
Asterisk indicates a cross-reacting band. (C) Bands corresponding to TacA were
quantified using ImageJ (NIH, USA) and shown here as normalized intensity over time.
Data represents mean ± SD of two biological replicates. (D) PdeA degradation (which
requires CpdR) is repressed by addition of excess RcdA. (E) Deletion of rcdA and popA
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decreases McpA levels, while deletion of cpdR increases McpA levels. Representative
gel is shown, quantitation is from two biological replicates with SD shown.
2.7 Supplemental Experimental Procedure
2.7.1 Identification and assignment of criteria for enriched candidate proteins
The procedure used to analyze the elution pools from the in vivo pull down
experiment is similar to as reported previously (Bhat et al., 2013). Briefly, a 'short-gel'
protocol was followed where protein samples were electrophoresed into a 10% SDSPAGE gel briefly to separate non-protein components. The bands were excised, digested
with trypsin and analyzed by LC-MS/MS (Proteomics and Mass Spectrometry Facility;
University of Massachusetts, Worcester). Mascot algorithm was used to identify proteins
from peptide sequences obtained from MS/MS samples. The final spectrums were
analyzed using Scaffold (Proteome software, Portland, OR). The parameters used to
determine relative protein abundance were >95% protein identification, >90% peptide
identification and identification of a minimum of 5 peptides per candidate protein.
Further stringent criteria was applied by considering only those candidate proteins that
contain at least 2 normalized total spectra from the elution pool of full length RcdA or
RcdA∆C, at least two-fold enrichment of normalized total spectra from the elution pool
of full length RcdA or RcdA∆C over mock elution pool, and at least 1.2-fold enrichment
of normalized total specta from the elution pool of RcdA∆C over RcdA. The list of
candidate proteins passing these criteria is shown in Table 2.1.
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2.8 Supplemental Tables
Table 2.1. Candidate substrates identified from RcdA pull down
M2

!

CC_
number

CCNA number

Candidate
protein

CC_3315

CCNA_03424

CC_3144

CCNA_03246

CC_2323

CCNA_02408

CC_1652

CCNA_01724

CC_0740

CCNA_00777

CC_2764

CCNA_02852

CC_2362

CCNA_02447

CC_0752

CCNA_00789

CC_3047

CCNA_03142

CC_0806

CCNA_00849

CC_2928

CCNA_03023

CC_1984

CCNA_02063

CC_1915

CCNA_01992

CC_0808

CCNA_00851

CC_1015

CCNA_01067

CC_1653

CCNA_01725

AAA+ family
response regulatorTacA
hypothetical
proteinCCNA_03246
hypothetical
proteinCCNA_02408
hypothetical
protein
CCNA_01724
PAS family
GGDEF/EAL
protein
hypothetical
proteinCCNA_02852
alpha helical
protein
transcriptional
regulator FixK
RNA polymerase
sigma factor-RpoD
outer membrane
efflux protein
TonB-dependent
receptor
YfiO family outer
membrane
assembly
lipoprotein-BamD
outer membrane
protein assembly
factor-BamA
periplasmic
multidrug efflux
lipoprotein
type I secretion
outer membrane
protein-RsaF
YfgL-family outer
membrane
assembly
lipoprotein-BamB
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M2M2RcdA RcdA∆C
Normalized total
spectra

M2RcdA∆C/RcdA
ratio

7.1

41.6

85.2
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24.3
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5.3

15.8

24.3
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0.0
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1.2

0.0

3.3

8.1

2.4

5.3

11.7

13.8

1.2

0.0

4.2

13.0

3.1

1.8

4.2

13.0

3.1

0.0

2.5

6.5

2.6

1.8

7.5

18.7

2.5

1.8

4.2

9.7

2.3

1.8

5.0

11.4

2.3

1.8

5.0

9.7

1.9
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CC_0925

CCNA_00974

CC_2092

CCNA_02174

CC_1008

CCNA_01060

CC_1009

CCNA_01061

CC_1062

CCNA_01115

CC_2935
CC_0593

CCNA_03030
CCNA_00629

CC_0430

CCNA_00439

CC_2995

CCNA_03090

CC_3176

CCNA_03280

CC_3604

CCNA_03718

CC_0374

CCNA_00378

CC_0088

CCNA_00086

CC_3521
CC_1334

CCNA_03636
CCNA_01395

CC_2638

CCNA_02721

CC_3226

CCNA_03334

Cluster of OAR
protein
multidrug
resistance efflux
pump
type I protein
secretion ATPbinding proteinRsaD
type I secretion
adaptor proteinRsaE
two component
sensor histidine
kinase
cytochrome c
methyl-accepting
chemotaxis protein
methyl-accepting
chemotaxis protein
acetyl-CoA
carboxylase
carboxyltransferase
subunit alpha
indolepyruvate
ferredoxin
oxidoreductase
NADH-ubiquinone
oxidoreductase
subunit
thiol:disulfide
interchange protein
DsbA
NAD-specific
glutamate
dehydrogenaseGdhZ
biotin synthase
electron transfer
flavoproteinubiquinone
oxidoreductase
M16 family
peptidase-PqqL
cell division
protein FtsH
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5.3
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0.0

2.5

7.3

2.9

1.8

9.2

13.0

1.4

0.0

5.0

6.5

1.3

1.8
0.0

5.0
4.2

6.5
8.1

1.3
1.9

0.0

7.5

11.4

1.5

0.0

3.3

6.5

1.9

0.0

9.2

13.8

1.5

1.8

5.0

7.3

1.5

1.8

4.2

5.7

1.4

5.3

11.7

14.6

1.3
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Table 2.2. Strains and plasmids used in this study
Organism

Name

Description

Source

E. coli

TOP10
BL21(DE3)
CB15N

cloning strain
recombinant protein expression strain
synchronizable derivative of wild-type
CB15

CPC133

CB15N tacA::pENTR-tacA (kanR)

CPC134

CB15N tacA::pENTR-tacADD (kanR)

CPC165

CB15N ∆cpdR (tetR)

CPC164

CB15N ∆tacA (tetR)

CPC239

CB15N ∆popA (tetR)

CPC452

CB15N ∆rcdA( hygR)

CPC250

CB15N ΔrcdA xylX : : rcdAΔC

CPC230
CPC251

pET23b

CB15N WT : : pHXM -PxylX -tacA (specR)
CB15N ΔpopA : : pHXM -PxylX -tacA
(specR)
CB15N ΔrcdA : : pHXM -PxylX -rcdAΔC
(specR)
CB15N WT : : pLXM-PxylX -CC2323 (tetR)
CB15N ΔrcdA : : pLXM-PxylX -rcdA (kanR)
CB15N ΔrcdA : : pHXM -PxylX-rcdA (specR)
CB15N ΔrcdA : : pHXM -PxylX -empty
vector (specR)
CB15N ΔcpdR : : pHXM -PxylX -rcdA
(specR)
CB15N ΔcpdR : : pHXM -PxylX-rcdAΔC~XB
(specR)
CB15N WT : : pHXM -PxylX -empty vector
(specR)
T7 promoter expression plasmid, (ampR)

Invitrogen
Invitrogen
Evinger and
Agabian,
1977
Bhat et al.,
2013
Bhat et al.,
2013
Skerker et al.,
2005
Skerker et al.,
2005
K. Ryan (UC
Berkeley)
McGrath et
al., 2006
Taylor et al.,
2009
This study
This study

pET23bClpX

pET23b with C. crescentus clpX

pET23b∆NClpX

pSUMO-cpdR

pET23b with C. crescentus clpX lacking Nterminal domain
pQE70 with C. crescentus clpP with Cterminal his6 (ampR)
pET23-hisSUMO (T7 promoter driven
vector for his6-SUMO fused recombinant
protein expression) (ampR)
pET23-hisSUMO with cpdR

pSUMO-pdeA

pET23-hisSUMO with pdeA

C.crescentus

CPC283
CPC295
CPC297
CPC301
CPC303
CPC317
CPC353
CPC372
Expression
vectors

pQE70ClpP
pSUMO

!

98!

This study
This study
This study
This study
This study
This study
This study
This study
Invitrogen
Abel et. al.,
2011
Chien et al.,
2007
Chien et al.,
2007
Wang et al.,
2007
Lau et al.,
2015
Lau et al.,

pSUMO-tacA

pET23-hisSUMO with tacA

pSUMO-tacA

pET23-hisSUMO with tacA-DD

pSUMO-tacA (2-116)

pHIS-tacA
pHIS-ctrA

pET23-hisSUMO with tacA containing
residues from 2-116
pET23-hisSUMO with tacA containing
residues from 117-488
pET23-hisSUMO with tacA containing
residues from 312-488
pET23-hisSUMO with tacA containing
residues from 437-488
pET23-hisSUMO with tacA containing
residues from 449-488
pET23-hisSUMO with CC2323
T7 promoter expression plasmid, N-terminal
his6 tag, Destination vector (ampR)
pHISDEST with tacA
pHISDEST with CtrA

pBAD-GFP-ssrA

pBAD with GFP-ssrA

pHIS-GFP-ssrASS

pHISDEST with GFP-ssrASS

pET28a or pET28b
pET28a-his6-RcdA

T7 promoter expression plasmid, Nterminus his tag, thrombin cleavable, (kanR),
a and b varies in MCS
pET28a with rcdA

pET28a- his6-RcdA∆C

pET28a with rcdA∆C

pET28a-his6-RcdA-L160D
pET28a-his6-RcdA-L163D
pET28a-his6-RcdA-F167D
pET28a-his6-RcdAD161A,R162A
pET28a-his6-PopA
pET28b-his6-SspB

pET28a with rcdA-L160D
pET28a with rcdA-L163D
pET28a with rcdA-L167D
pET28a with rcdA-D161A,R162A

pET28b-his6-SspB-125

pET28b with sspB-125

pET28b-his6-SspB~RcdA
chimera

pET28b with sspB lacking C-terminal 10
residues and appended with C-terminal 19
residues of RcdA
pET28b with rcdA lacking 19 residues from
C-terminus and appended with C-terminus
10 residues of SspB
pET28b with CC3144
pJS71-PxylX-M2; high-copy, xylose
inducible, N-terminus M2 tag (specR)
pMR10-PxylX-M2; broad host range, lowcopy, xylose inducible, N-terminus M2 tag
(kanR)
pMR20-PxylX-M2; broad host range, low-

pSUMO-tacA (117-488)
pSUMO-tacA (312-488)
pSUMO-tacA (437-488)
pSUMO-tacA (449-488)
pSUMO-CC2323
pHISDEST

pET28b-his6-RcdA∆C~XB
pET28a-his6-CC3144
pHXM-DEST
pLXM-DEST(kan)
pLXM-DEST(tet)
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pET28a with popA
pET28b with sspB
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2015
Bhat et al.,
2013
Bhat et al.,
2013
This work
This work
This work
This work
This work
This work
Skerker et.
al., 2005
This study
Chien et al.,
2007
Lau et al.,
2015
Lau et al.,
2015
Novagen
Chien et al.,
2007
K. Ryan (UC
Berkeley)
This study
This study
This study
This study
This work
Chien et al.,
2007
Chien et al.,
2007
This study
This study
This study
Skerker, et al.
2005
Bhat, et al.
2013
Skerker, et al.

Entry vectors

pENTR/D-TOPO
pENTR-rcdA
pENTR-rcdA∆C
pENTR-rcdA∆C~XB
pENTR-CC2323

copy, xylose inducible, N-terminus M2 tag
(tetR)
ENTRY vector for Gateway cloning (kanR)
rcdA in pENTR/D-TOPO (kanR)
rcdA∆C in pENTR/D-TOPO (kanR)
rcdA∆C~XB in pENTR/D-TOPO (kanR)
CC2323 in pENTR/D-TOPO (kanR)

2005
Invitrogen
This work
This work
This work
This work
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CHAPTER 3
DEGRADATION OF PROTEASE ADAPTORS IS RESTRICTED BY CARGO
ENGAGEMENT3
3.1 Abstract
Protein degradation is a highly controlled process. Bacterial proteolytic adaptors
regulate protein degradation during cell cycle progression or during stress responses.
Many adaptors work as scaffolds that selectively bind cargo and tether substrates to their
cognate proteases to promote destruction, while others primarily activate the target
protease. Because adaptors must bind their cognate protease, all adaptors run the risk of
being recognized by the protease as substrates themselves, a process that could limit their
effectiveness. Here we show that adaptors of the ClpXP protease are readily degraded but
that binding of cargo inhibits this degradation. We find that this principle extends across
several adaptor systems, including the hierarchical adaptors that drive the Caulobacter
bacterial cell cycle and the quality control adaptor SspB. We find that the ability of a
cargo to protect its adaptor is adaptor-substrate specific, as adaptors with artificial
degradation tags are not protected even though cargo binding is unaffected. Our work
points to an optimization of inherent adaptor degradation and cargo binding, where robust
adaptor activity can be maintained when high amounts of substrate must be delivered and
adaptors can be eliminated when their tasks have been completed.
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3.2 Significance statement
Adaptors facilitate enhanced substrate recognition by energy-dependent proteases.
Because an adaptor physically assembles onto the protease, how adaptors manage
substrate delivery at the risk of their own degradation is unclear. Here we show that in the
model bacterium Caulobacter, many adaptors are readily degraded. However, this
degradation is suppressed upon binding of cargo. Suppression of adaptor degradation is
not due to global stabilization of the adaptor fold but is specific to the natural protease
recognition elements of that adaptor, suggesting that cargo binding drives masking of this
recognition site. Our work highlights an elegant mechanism by which selective substrate
degradation can be tuned by controlling the lifetime of protease adaptors.

3.3 Introduction
Protein degradation is a biological phenomenon conserved across all domains of
life. Because it is an irreversible process, degradation must be executed in a highly
regulated manner. In eukaryotes, target proteins are tagged by ubiquitin through specific
ubiquitin-conjugating enzymes to generate a signature on the target protein that is
recognized by the proteasome (Schrader et al., 2009). By contrast, bacteria lack such a
general tagging system. Proteolysis in bacteria relies on AAA+ (ATPase associated with
diverse cellular activities) proteases that often recognize degradation tags (or degrons)
which are short peptide motifs mostly found at the N- or C-termini of target proteins
(Bhat et al., 2013; Flynn et al., 2003; Keiler et al., 1996). In some cases the target
substrate is directly recognized by the AAA+ protease while in others, adaptor proteins
are employed to selectively destroy the target protein (Battesti and Gottesman, 2013;
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Joshi and Chien, 2016). Adaptor proteins often bind directly to their targets and
physically tether to a protease to drive the degradation of their cargo substrates (Ades,
2004; Kirstein et al., 2009). For example, the well-characterized adaptor SspB binds and
stimulates degradation of trans-translation derived substrates by the AAA+ ClpXP
protease (Dougan et al., 2003; Levchenko et al., 2003).

In the model organism Caulobacter crescentus, DNA replication and cell division
are tightly coupled to developmental transitions between swarmer (SW) and stalked (ST)
states (Collier, 2016; Curtis and Brun, 2010). A hierarchy of adaptor-mediated protein
degradation by ClpXP plays a critical role in this process with many regulators
selectively degraded at the onset of DNA replication, which is coincident with the SWST transition (Abel et al., 2011; Domian et al., 1997; Joshi et al., 2015).

The

phosphorylation dependent CpdR adaptor is dephosphorylated during the SW-ST
transition (Iniesta et al., 2006). This dephosphorylated CpdR binds and primes the
ClpXP protease for substrate recognition (Lau et al., 2015). This primed ClpXP complex
can also recruit the RcdA adaptor to recognize a second class of substrates (Joshi et al.,
2015). Finally, the RcdA adaptor can form a complex with the cyclic-di-GMP (cdG)
responsive adaptor PopA to facilitate degradation of a third class of substrates (Duerig et
al., 2009; Joshi et al., 2015; Smith et al., 2014).

These hierarchical adaptors must physically bind to the ClpXP protease, giving
ClpXP an opportunity to degrade these adaptors - a problem that extends to all adaptors
that bind proteases. Here we show that individual adaptors within this hierarchy are
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protected from degradation by ClpXP when they are actively delivering their substrates.
We dissect the RcdA adaptor to show that protection from degradation stems from
adaptor binding to cargo, but does not depend on destruction of the cargo by the ClpXP
protease. Cargo binding does not shield the adaptor from degradation by ClpXP when a
non-native degron is used to replace the adaptor-encoded degron, suggesting that the
adaptor is not simply inherently more stable when bound to its target. Rather, chimeric
fusion studies support a model where cargo binding facilitates masking of the native
adaptor degron. We find that this same mechanism applies to the quality control SspB
adaptor suggesting that cargo-dependent inhibition of adaptor degradation is not a limited
feature. The fine-tuning of adaptor lifetime balanced with substrate delivery would
provide for rapid responses to a punctuated need for selective protease activity while
allowing for a reset of protease complexes after the need has passed.

3.4 Results:
3.4.1 The RcdA adaptor is degraded by a CpdR-activated ClpXP protease
We previously identified RcdA as an adaptor that delivers multiple cell cycle
regulators exclusively to a CpdR-primed ClpXP (Joshi et al., 2015). During additional
characterization of RcdA-dependent degradation, we found that RcdA itself was
degraded by the ClpXP protease in the presence of CpdR (Figure 3.1A). Consistent with
this observation, cells lacking CpdR show higher steady-state levels of RcdA than
wildtype cells (Figure 3.1B). Translation shut off experiments suggested that these
increased levels are due to loss of RcdA degradation in ΔcpdR strains (Figure 3.1C and
3.7A). Together, this data shows that the RcdA adaptor is degraded by ClpXP in a
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CpdR-dependent manner both in vivo and in vitro. We next sought to determine which
sequence elements were important for RcdA degradation.

Figure 3.1: The RcdA adaptor is degraded in a CpdR-dependent manner by the
ClpXP protease. (A) In vitro degradation of RcdA by ClpXP in the presence or absence
of CpdR. The degradation of RcdA over the indicated time course was visualized by
SDS-PAGE gel analysis. ClpP served as an internal loading control. (B) Steady-state
levels of RcdA in wildtype Caulobacter cells or cells lacking CpdR. Lysate from equal
number of cells were loaded onto the SDS-PAGE gels. RcdA protein was detected by
Western blotting using an anti-RcdA antibody. ClpP shown as a loading control. (C) In
vivo degradation of RcdA in wildtype or ΔcpdR cells. After adding chloramphenicol to
inhibit protein synthesis, lysate from equal volume of cells were loaded onto SDS-PAGE
gels. RcdA stability was monitored by Western blotting using an anti-RcdA antibody.
ClpP was used as a loading control.
Previous work has shown that the C-terminus of RcdA binds to a CpdR-primed
ClpXP to deliver substrates for degradation (Joshi et al., 2015). As expected, RcdAΔC
was not degraded even in the presence of CpdR suggesting the C-terminus of RcdA is
necessary for degradation (Figure 3.2A and 3.2B). We next used the fusion protein
RcdAΔC~XB where the substrate binding domain of RcdA is appended with the ClpXtethering motif of SspB (Figure 3.2A; Joshi et al., 2015). This construct can deliver
substrates to ClpXP even in the absence of CpdR (Figure 3.8A, Joshi et al., 2015) but was
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not robustly degraded (Figure 3.2C). Therefore, simply tethering the cargo binding
domain of RcdA to ClpXP is insufficient for RcdA adaptor degradation.

Our results suggest that the RcdA degron is encoded by the same C-terminal
residues needed for binding the CpdR-primed ClpX. RcdA ends in Gly-Gly, a dipeptide
sequence previously shown to be able to be recognized by ClpX in appropriately
presented substrates (Griffith and Grossman, 2008). We mutated these residues to make
an RcdADD variant that was fully capable of delivering cargo substrates in a CpdRdependent manner (Figure 3.2E), but was now resistant to degradation compared to
wildtype RcdA (Figure 3.2D).

This allele could fully support RcdA activity in vivo

(Figure 3.8C), and was markedly stabilized relative to wildtype RcdA (Figure 3.8B),
consistent with the in vitro results.

Figure 3.2: The RcdA C-terminal tail contains both the ClpX-tethering motif and
the degron. (A) Constructs that were generated to determine sequence elements needed
for RcdA degradation. (B) In vitro incubation of RcdA and RcdAΔC by ClpXP with
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CpdR shows that the C-terminus of RcdA is needed for degradation. SDS-PAGE gel
images are shown (B-E). ClpP was used as an internal loading control (B-E). (C)
Incubation of RcdAΔC~XB with ClpXP in the presence or absence of CpdR. RcdA
degradation is shown as a positive control. (D) Degradation of RcdA or RcdADD in the
presence of CpdR in vitro. RcdADD is substantially stabilized compared to wildtype
RcdA. (E) In vitro degradation of CtrA and TacA by ClpXP in the presence of RcdA or
RcdADD shows that RcdADD is fully active. CpdR was used in all the reactions. CtrA
degradation reaction also contains PopA and cdG.
3.4.2 RcdA adaptor degradation is suppressed upon cargo binding
How is the RcdA adaptor able to effectively deliver its substrates to ClpXP given
its own rather rapid degradation by the same protease? To address this question, we
tested if RcdA degradation was affected during delivery of its substrates. We found that
addition of RcdA-dependent ClpXP substrates (TacA and CC2323) suppressed RcdA
degradation (Figure 3.3A and 3.9A), suggesting that RcdA degradation is inhibited while
it is actively operating as an adaptor. We considered two models for how this inhibition
could come about. (i) This suppression could be due to protection of the adaptor from the
protease upon cargo binding. (ii) Suppression could arise from competition between the
delivered substrates and RcdA degradation for the protease. To distinguish between these
possibilities, we used substrate variants (TacADD and CC2323DD) that bind RcdA but
are not recognized by the protease (Figure 3.9B and 3.9C, Joshi et al., 2015).
Interestingly, addition of these variants resulted in even stronger suppression of RcdA
degradation (Figure 3.3B and 3.9E). These results suggested that binding of cargo itself
protects RcdA from protease recognition.

The cdG binding protein PopA is an upstream adaptor of RcdA during the
hierarchical delivery of cell cycle substrates (Joshi et al., 2015). Our above work suggests
that cargo binding to RcdA alone is sufficient for inhibition of degradation. Since PopA
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directly interacts with RcdA (Duerig et al., 2009; Smith et al., 2014), we speculated that
PopA would also protect RcdA from degradation. Consistent with this hypothesis, we
found that PopA addition inhibited RcdA degradation (Figure 3.3C). Addition of cdG did
not further affect this suppression (Figure 3.3C), validating prior observations that PopA
binds RcdA regardless of cdG (Duerig et al., 2009; Smith et al., 2014). Similar to its
stabilizing effect in vitro, overexpression of PopA or a cdG-insensitive variant (PopAR357G) (Duerig et al., 2009) reduces RcdA degradation in vivo (Figure 3.3D).
Importantly, PopA was not degraded either in vivo or in vitro (Figure 3.3C, 3.9F and
3.9G), further supporting our working model that cargo binding alone is sufficient for
RcdA stabilization, even when that cargo is not delivered to the ClpXP protease.
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Figure 3.3: RcdA adaptor degradation is suppressed upon cargo binding. RcdA
degradation by ClpXP in the absence or presence of TacA/CC2323 (A) and
TacADD/CC2323DD (B) in vitro. SDS-PAGE gel images are shown (A-C). (C) In vitro
degradation of RcdA by ClpXP in the absence or presence of PopA and cdG. CpdR was
used in all the reactions (A-C) (D) RcdA degradation is inhibited in cells overexpressing
PopA or a PopA variant that was deficient in cdG binding (PopA-R357G) (Duerig et al.,
2009). Protein synthesis was inhibited by the addition of chloramphenicol and aliquots
were taken at indicated time points for Western blotting. ClpP was used as a loading
control.
3.4.3 Cargo-mediated suppression of adaptor degradation is not a limited
phenomenon
In order to determine whether suppression of adaptor degradation upon binding of
cargo is a general phenomenon, we monitored the stability of other known adaptors from
Caulobacter. The adaptor SspB facilitates degradation of ssrA-tagged substrates by
directly tethering them to the ClpXP protease (Dougan et al., 2003; Levchenko et al.,
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2003). The Caulobacter SspB was shown previously as a ClpXP substrate in vitro (Chien
et al., 2007b) and we found that SspB degradation is suppressed in the presence of GFPssrA (Figure 3.4A). Similar to our work with RcdA, this inhibition does not depend on
substrate degradation as addition of the non-degraded GFP-ssrADD variant also stabilizes
SspB degradation (Figure 3.4A, 3.10A and 3.10B).

CpdR is an adaptor that binds ClpXP to prime it for cell cycle-dependent activity
(Lau et al., 2015). CpdR is degraded by the ClpXP protease in vivo (Iniesta and Shapiro,
2008) and we found it to be degraded on its own by ClpXP in vitro ( Figure 3.4B, Lau et
al., 2015). When we monitored CpdR while it was delivering its substrate PdeA to
ClpXP, we found that CpdR degradation was reduced (Figure 3.4B). Addition of the
nondegradable PdeADD further suppresses CpdR degradation (Figure 3.4B). CpdR
degradation was not strongly affected by RcdA alone (Figure 3.10C and 3.10D) which
we attribute to a relatively weak interaction between RcdA alone and CpdR-ClpX. In
sum, we find that suppression of adaptor degradation upon sufficiently robust cargo
binding is a conserved phenomenon in many adaptors.

Figure 3.4: Cargo-mediated suppression of adaptor degradation is seen in other
adaptor systems. (A) Degradation of the SspB adaptor was suppressed in the presence of
a GFP-tagged ssrA or a nondegradable GFP-ssrADD. SDS-PAGE gel images are shown
(A-B). (B) CpdR degradation was inhibited in the presence of its cargo. In vitro
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degradation of CpdR by ClpXP in the absence or presence of the substrate PdeA or the
nondegradable PdeADD variant.
3.4.4 Inhibition of adaptor degradation by cargo binding is not due to global
stabilization
We hypothesized that the cargo binding could affect adaptor degradation in one of
two nonexclusive mechanisms. The first possibility is that cargo binding could cause
adaptors to be generally more resistant to any forced unfolding. The second is that the
adaptor degron itself could be masked upon cargo binding (Figure 3.5A). We rationalized
that if the first model was correct, then binding of cargo would stabilize the adaptor
regardless of how it was recognized by ClpX. To test this, we generated a chimeric
fusion protein RcdAΔC~CtrA15 where we used the CtrA degron to drive degradation of
an RcdA construct lacking its normal degron/tethering motif (RcdAΔC~CtrA15) (Figure
3.5B). This chimera was slowly degraded by ClpXP alone (Figure 3.5C and 3.11A), but
we did not observe any changes in degradation with the CC2323 cargo (Figure 3.5C and
3.11A).

Importantly, RcdAΔC~CtrA15 still binds CC2323 strongly (Figure 3.11C),

suggesting cargo binding alone is insufficient to generally protect an adaptor from
degradation. To address if this result was a consequence of the slower degradation of
RcdAΔC~CtrA15, we also used the well-characterized ssrA degron that is strongly
recognized by ClpXP. RcdAΔC~ssrA is degraded rapidly by ClpXP alone and, similar to
our other results, degradation is not affected by the presence of the CC2323 cargo (Figure
3.5B and 3.5D). Taken together, these results disfavor a model where cargo binding
alone is sufficient to generally protect adaptors from ClpX mediated unfolding.
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Our working hypothesis is that protection of RcdA degradation upon cargo
binding arises from masking of its inherent degron rather than general stabilization
(Figure 3.5A). To explore this model, we fused the CtrA degron to the full length RcdA
protein (Figure 3.5B). Similar to the above results, degradation of RcdA~CtrA15 by
ClpXP alone was not suppressed in the presence of cargo, although this construct was
fully competent for cargo binding (Figure 3.5E, 3.11B and 3.11C). Addition of CpdR
increased degradation of this chimera (Figure 3.5E and 3.11B), presumably due to
recognition of the combined degradation/tethering motif of RcdA by the CpdR-primed
ClpX (Joshi et al., 2015). Interestingly, addition of RcdA cargo (CC2323DD) together
with CpdR substantially stabilized degradation of the fusion protein RcdA~CtrA15
(Figure 3.5E and 3.11B). Our conclusion is that protective effect of cargo binding is
specific for the recognition of the native degron of the adaptor that in the case of RcdA
requires CpdR for its recognition. We next tested if this paradigm could be applied to
other cases of adaptor degradation.

The Caulobacter SspB protein contains a ClpX-binding motif at its C-terminus
(Chien et al., 2007a; Joshi et al., 2015) and an N-terminal motif required for its
degradation (Figure 3.11D, Davis JH, 2010, Lau et al., 2015). Because we found that
suppression of RcdA degradation upon cargo binding requires recognition of its native
degron, we hypothesized that a similar mechanism might exist for SspB degradation. To
test our hypothesis, we appended the CtrA degron to the C-terminus of a minimized SspB
variant, which lacks its native degron but still delivers cargo (Figure 3.5F and 3.11E).
This fusion protein (ΔN9SspB~CtrA15) is degraded robustly by ClpXP but addition of
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cargo does not protect it from degradation (Figure 3.5G). Similar to our above results,
fusing the CtrA degron to the full length SspB resulted in degradation by ClpXP and
partial suppression of this degradation in the presence of cargo (Figure 3.5F and 3.5H).
We note that in cases where both the artificial and natural degrons are present, binding of
cargo appears to only limit the protease recognition of the natural degron, leaving the
artificial degron free to be engaged.

Finally, it is possible that binding of a protein cargo results in steric clashes that
prevent recognition of the adaptor degron by the protease. To address this, we asked if an
adaptor binding peptide is sufficient to protect adaptors from degradation. Specifically,
we used an ssrA-derived peptide (AANDNNYA) that retains the SspB binding site, but
lacks the ClpXP recognition determinant (Chien et al., 2007a). We found that addition of
this peptide inhibits SspB degradation by ClpXP (Figure 3.11F). Thus, our data support a
model where cargo binding leads to masking of the native degron of adaptors, likely
through conformational changes.
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Figure 3.5: Cargo binding only protects adaptors from degradation initiated by
natural degron recognition. (A) Two possible models for suppression of RcdA
degradation upon cargo binding are that RcdA is generally stabilized upon cargo binding
or cargo binding selectively prevents natural degron recognition. (B) Schematic depicting
full length RcdA, a chimeric RcdA lacking its native C-terminus degron but fused with
either a known degron of CtrA or a ssrA degron, and a full length RcdA fused with the
CtrA degron are shown. (C) Degradation of RcdAΔC~CtrA15 was not affected by the
presence of the cargo CC2323DD. In vitro degradation of RcdAΔC~CtrA15 by ClpXP
when used alone, with CpdR, or with both CpdR and CC2323DD. (D) Degradation of
RcdA∆C~ssrA was not affected by the presence of the cargo. In vitro degradation of
RcdA∆C~ssrA in the absence or presence of substrate CC2323DD and CpdR. (E)
RcdA~CtrA15 degradation was partially suppressed in the presence of substrate and
CpdR, similar to that observed for RcdA. In vitro degradation of RcdA~CtrA15 by ClpXP
when used alone, with CC2323DD, with CpdR, or with both CpdR and CC2323DD.
Suppression of RcdA degradation in the presence of CC2323DD shown as a control. n.b.
Instead of ClpPhis6, untagged ClpP was used for RcdA~CtrA15 degradation reactions to
separate ClpP and RcdA~CtrA15 bands on SDS-PAGE gels. (F) Schematic depicting full
length SspB, a SspB variant lacking its native N-terminus degron and appended with a Cterminal CtrA degron, and a full length SspB appended with the CtrA degron. The Nterminal 3 residues (GSH) are part of the linker that remains after cleavage by the
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thrombin protease. (G) Degradation of the ∆N9SspB~CtrA15 variant by ClpXP was not
inhibited in the presence of a cargo (GFP-ssrADD), while degradation of SspB~CtrA15
was partially inhibited (H). SDS-PAGE gel images are shown (C-D, E, G). Because of
overlapping ClpP and SspB~CtrA15 bands, Western blots using anti-SspB antibody are
shown to detect SspB~CtrA15.
3.5 Discussion
Bacterial proteolytic adaptors facilitate degradation of regulatory proteins or poor
quality proteins. These auxiliary factors work in a variety of ways, such as directly
tethering substrates to their cognate protease or by priming either the protease or
substrate (Chan et al., 2014; Dougan et al., 2003; Lau et al., 2015). Since adaptors must
be in close physical proximity to the protease, understanding how adaptors avoid being
destroyed impacts our general understanding of adaptor-mediated proteolysis. Here, we
highlight cases from the model bacteria C.crescentus to show how ClpXP adaptors are
selectively protected from degradation upon cargo binding. Specifically we show that the
RcdA, CpdR, and SspB adaptors are degraded by ClpXP, but are shielded from
degradation upon cargo binding. Using chimeric adaptors, we show that binding of cargo
elicits a masking of the adaptor degron (Figure 3.6). Together our work shows that
adaptor degradation is modulated by cargo binding and that this regulation depends on
the specific adaptor-substrate pairing.
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Figure 3.6: Model illustrating inhibition of adaptor degradation upon cargo
binding. RcdA is constitutively degraded in a CpdR-dependent manner in the absence of
cargo. Upon binding of cargo such as TacA, RcdA degradation is suppressed with levels
of RcdA remaining sufficiently high to ensure delivery of substrate. This suppression is
maintained if the cargo is not destroyed, such as in the case of PopA. The enlarged image
highlights the substrate binding domain, primed-protease binding region and degron of
RcdA during substrate delivery.
Adaptor proteolysis has been observed in other protease systems. For example,
the MecA adaptor activates the ClpC unfoldase to target the ComK protein for
degradation by the ClpCP protease in B. subtilis and is itself degraded (Turgay et al.,
1998). The cyanobacterial adaptor NblA delivers phycobilisomes to the Clp protease for
degradation and purified NblA is degraded in vitro (Karradt et al., 2008; Sendersky et al.,
2014).

By contrast, some adaptors remain stable regardless of delivery of their

substrates. For example, the RssB adaptor delivers RpoS to ClpXP in E.coli, but RssB
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itself is not degraded (Zhou et al., 2001). The ClpS adaptor delivers N-end rule substrates
to ClpAP and is itself not degraded although ClpS contains an N-terminal determinant
sufficient for ClpAP recognition (Roman-Hernandez et al., 2011). In this case, the
current model is that the core of ClpS contains a tightly folded domain that prevents its
degradation during delivery even when ClpA engages this adaptor (Roman-Hernandez et
al., 2011).

Our current work yields molecular insights into adaptor degradation and its
control. A clear next step of study is in understanding the physiological relevance of
adaptor degradation. When CpdR was first identified, the degradation of CpdR was
speculated to serve as a mechanism to release the ClpXP protease from its subcellular
polar location (Iniesta and Shapiro, 2008). Similarly, MecA degradation was suggested to
be important for the dynamic assembly and disassembly of the protease complex ClpCP
(Mei et al., 2009). By contrast, the stability of the RssB adaptor is thought to enable its
recycling for repeated rounds of RpoS delivery (Bougdour et al., 2006; Zhou et al.,
2001). Collectively, our work presented here show that adaptors are more resistant to
proteolysis when loaded with cargo. This suggests that regardless of the cellular outcome
of adaptor degradation (changes in protease location or protease assembly), adaptor
degradation is highly balanced with cargo occupancy, an ideal mechanism for ensuring
protease activity when activity is truly needed.
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3.7 Materials and Methods
3.7.1 Bacterial strains and culture conditions
Caulobacter and E.coli strains used in the study are tabulated in Table S1. E. coli
strains were grown in Luria-Broth (LB) liquid media or LB agar plates at 37 °C with the
appropriate antibiotic (100 µg/ml ampicillin, 50 µg/ml kanamycin, 50 µg/ml
spectinomycin). Caulobacter strains were grown in Peptone-Yeast-Extract (PYE) liquid
media or PYE agar plates at 30 °C with the appropriate antibiotic (25 µg/ml
spectinomycin or 5 µg/ml kanamycin). Caulobacter strains grown in PYE liquid media
were supplemented with 0.2% xylose to induce gene expression wherever required.

3.7.2 Molecular cloning and generation of chimeric constructs
PopA and PopA-R357G were PCR amplified and cloned into pENTR plasmids.
The constructs were then moved into xylose-inducible expression plasmids which
appends an M2-epitope tag on the N-terminus of the protein using Gateway-based
cloning (Skerker et al., 2005). RcdA and RcdADD were PCR amplified, cloned into
pET23SUMO and pRXMCS2 vectors by Gibson assembly method (Gibson et al., 2009).
RcdA∆C, RcdA∆C~XB, and CC2323DD were PCR amplified with appropriate primers
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and then cloned into pET23SUMO expression plasmid by Gibson assembly method.
Chimeric variants of RcdA and SspB were generated by round-the-horn site-directed
mutagenesis. RcdA∆C~CtrA15 and RcdA∆C~ssrA constructs were generated in
pET23SUMO-RcdA∆C vector by appending the 15 C-terminal residues of CtrA or 14
residues that constitute the ssrA-tag, respectively. The RcdA~CtrA15 fusion construct was
generated in pET23SUMO-RcdA vector by designing appropriate primers to append the
last 15 residues of CtrA onto the C-terminus of full length RcdA. SspB~CtrA15 and
∆N9SspB~CtrA15 were created by appending 15 C-terminal residues of CtrA to a SspB
variant that either contain or lack N-terminus 9 residues, respectively. All the chimeric
constructs and mutant proteins were confirmed by sequencing. Oligonucleotide
sequences are available upon request.

3.7.3 Protein expression and purification
All proteins were expressed in BL21(DE3)pLysS E.coli strains. The cells were
grown to an optical density (OD600) between 0.4 to 0.8, induced with 0.4 mM Isopropyl
β-D-1-thiogalactopyranoside (IPTG) for 3 to 5 hours at 37 °C with shaking and then
centrifuged at 5000 rpm for 10 minutes. The pellets were resuspended in the lysis buffer
containing 50 mM tris pH 8.0, 300 mM NaCl, 10 mM imidazole, 10% glycerol, 5 mM
β-mercaptoethanol and frozen at -80 °C. The cell suspension containing 1 mM
phenylmethylsulfonyl fluoride (PMSF) was lysed using a Microfluidizer system
(Microfluidics, Newton, MA). The clarified lysate was loaded onto a pre-equilibrated NiNTA column. SUMO-tag was cleaved by Ulp1-his protease whereas hexahistidine tag
was cleaved by thrombin protease. The tags were then further removed by Ni-NTA
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affinity

chromatography.

Proteins

were

further

purified

by

size

exclusion

chromatography using Sephacryl 200 16/60 column. The protease components ClpX and
ClpP were purified as described previously (Chien et al., 2007b).

3.7.4 In vivo and in vitro protein degradation assays
Synchronization experiment was performed as described previously (Joshi et al.,
2015). Protein stability was measured by blocking the synthesis of proteins. Different
strains of Caulobacter were grown to OD600 ~0.3 in PYE medium with appropriate
antibiotic. Protein expression was induced with xylose for 1 hour wherever required and
then translation is blocked by the addition of 30 µg/ml chloramphenicol. Equal volumes
of samples were collected at different time points as indicated in figures for Western
analysis. Steady-state protein levels were measured by growing Caulobacter wildtype
and ΔcpdR strains to exponential phase. Equal numbers of cells were then used for
Western analysis. In vitro degradation assays were carried out at 30 °C and monitored by
the loss of the protein of interest over time using SDS-PAGE gel analysis. Gels were
scanned by an Odyssey CLx imaging system (LI-COR Biosciences, USA) and quantified
using the ImageJ software (NIH, USA) to measure the change in band intensity over
time. The concentrations used in final reaction volume otherwise mentioned separately
below were: 2 µM each of h6TacA, TacADD, CC2323, CC2323DD, RcdA, RcdAΔC,
RcdAΔC~XB, RcdAΔC~CtrA15, RcdA~CtrA15, RcdADD, CpdR, PopA, SspB, GFPssrA,

GFP-ssrADD,

∆N9SspB∆C10~RcdA19,

∆N9SspB,

∆N9SspB~CtrA15,

SspB~CtrA15, 40 µM cdG, 0.2 µM ClpX6, 0.4 µM ClpP14. 1 µM each of h6TacA and
h6CtrA for figure 2E, 8 µM CpdR, 4 µM PdeA, 4 µM PdeADD for figure 4B, 0.05 µM
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ClpX6, 0.1 µM ClpP14 for figure 5D, 0.1 µM ClpX6, 0.2 µM ClpP14 for figure 5E, 1 µM
each of GFP-ssrA and GFP-ssrADD for figure S4A, 8 µM each of CpdR, RcdA and
RcdADD for figure S4C. The reaction was initiated by the addition of ATP regeneration
mixture, which consists of 4 mM ATP, 5 mM creatine phosphate, 75 µg/ml creatine
kinase. The buffer used for the reaction was H-buffer which consists of 20 mM HEPESKOH, pH 7.5, 100 mM KCl, 10 mM MgCl2, 10% glycerol, and 5 mM β-mercaptoethanol.

3.7.5 Immunoblot analysis
Cultures samples withdrawn at different time points indicated in the figures were
centrifuged at 15,000 rpm for 2 minutes. After removal of supernatant, the pellets were
resuspended in 2X SDS-PAGE sample buffer containing 40 mM DTT. The samples were
boiled at 95 °C for 10 minutes and then centrifuged to remove cellular debris. After
centrifugation, the extracts were resolved on 10-15% SDS-PAGE gels. Proteins from the
gel were then transferred to a polyvinylidene difluoride (PVDF) membrane. After
blocking the membrane with 3% milk-TBST buffer, the membranes were probed with
polyclonal rabbit anti-CtrA (1:5000 dilution), anti-McpA (1:10000 dilution), anti-RcdA
(1:5000 dilution), anti-ClpP (1:5000 dilution) anti-SspB (1:20000) or monoclonal mouse
anti-FLAG M2 (1:5000 dilution; Sigma) antibodies overnight at 4 °C. After washing off
the excess primary antibody, the membrane was probed with goat anti-rabbit or goat antimouse (Millipore, USA) secondary antibodies conjugated to HRP enzyme. Proteins on
the membrane were then visualized by the luminescence from HRP substrate using a
chemiluminescence detection system (Syngene, UK).
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3.7.6 In vitro pull down assays
Ni-NTA affinity resin was used to pull down the protein that binds to
hexahistidine tagged bait protein. The resin was pre-equilibrated with H-buffer
supplemented with 20 mM Imidazole. His6-CC2323 (5 µM) was incubated with RcdA
(10 µM), or RcdA∆C~CtrA15 (10 µM), or RcdA∆C~ssrA (10 µM), or RcdA~CtrA15 (10
µM) either alone or together and His6-RcdA (5 µM) was incubated with CC2323DD (10
µM) in a 250 µl final volume of H-buffer containing 20 mM Imidazole and 50 µl of preequilibrated Ni-NTA resin at 4 °C for 1 hour. After 1 hour of incubation the resin was
spun down at 700g for 2 minutes to collect the flow through. The resin was washed twice
with H-buffer supplemented with 20 mM Imidazole at 350g for 1 minute. The bound
complex was eluted with H-buffer containing 200 mM imidazole by spinning at 700g for
5 minutes. Fractions collected were then analyzed by SDS-PAGE gels.
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3.8 Supplemental figures

Figure 3.7: Quantification of RcdA stability in wildtype or ΔcpdR Caulobacter cells.
Bands corresponding to RcdA and ClpP were quantified using ImageJ (NIH, USA) and
normalized intensities of RcdA over ClpP were plotted. Data represents mean ± SD of
two independent experiments.

Figure 3.8: The RcdA C-terminal tail contains both the ClpX-tethering motif and
the degron. (A) RcdAΔC~XB can deliver substrate TacA even in the absence of CpdR.
In vitro degradation of TacA in the presence or absence of RcdAΔC~XB. SDS-PAGE gel
image is shown. (B) RcdADD is stable in vivo. RcdA and RcdADD were expressed in
ΔrcdA cells and their stability was monitored following inhibition of protein synthesis by
the addition of chloramphenicol. Aliquots were taken at indicated time points for Western
analysis. (E) RcdADD is similarly active as wildtype RcdA to deliver substrate CtrA for
degradation in vivo. Westerns blots depicting the stability of CtrA are shown. ClpP is
shown as a loading control.
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Figure 3.9: RcdA adaptor degradation is suppressed in the presence of cargo. (A)
Quantification of gels shown in Figure 3.3A. (B) CC2323DD is stable in vitro.
Degradation of wildtype CC2323 and CC2323DD by ClpXP in the presence of CpdR.
SDS-PAGE gel images are shown (B-D). (C) RcdA binds with CC2323DD.
Hexahistidine-tagged RcdA was used to pull down CC2323DD in vitro. (D) RcdA
degradation is not influenced by the presence of a non-RcdA substrate. RcdA degradation
was monitored in the absence or presence of GFP-ssrADD in vitro. (E) Quantification of
gels shown in Figure 3.3B. (F) An N-terminally epitope tagged PopA complements CtrA
degradation. Cell cycle-dependent degradation of CtrA was monitored in cells expressing
M2-PopA. McpA degradation was monitored to show the quality of the synchrony. ClpP
was shown as a loading control. (G) M2-tagged PopA or the cdG-blind PopA variant
(PopA-R357G) are stable in vivo. Samples used for Figure 3.3D were probed with antiM2 and anti-ClpP antibodies.
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Figure 3.10: Cargo-mediated suppression of adaptor degradation is broadly
conserved. (A) Degradation of SspB adaptor was inhibited in the presence of GFP-ssrA
or GFP-ssrADD. Here, substrate was used in sub stoichiometric amount than SspB to
monitor the degradation of SspB after the substrate was delivered completely. SDSPAGE gel images are shown (A, C). Quantification of gels for figures S4A and S4C
respectively (B, D). (C) CpdR degradation was not affected in the presence of RcdA or
RcdADD. CpdR was subjected to ClpXP degradation in the presence of RcdA or
RcdADD in vitro.

!

128!

Figure 3.11: Cargo binding only protects adaptors from degradation initiated by
natural degron recognition. (A-B) Quantification of gels shown from figures 5C and
5E. (C) The cargo CC2323 binds with RcdA, RcdA∆C~CtrA15, RcdA∆C~ssrA, and
RcdA~CtrA15. Hexahistidine-tagged CC2323 was used to pull down RcdA,
RcdA∆C~CtrA15, RcdA∆C~ssrA and RcdA~CtrA15. (D) N-terminus 9 residues of SspB
are required for its degradation. In vitro degradation of SspB and ΔN9SspB by ClpXP.
(E) ΔN9SspB~CtrA15 and SspB~CtrA15 are active in delivering substrates. GFP-ssrA
degradation was monitored in the absence or presence of ΔN9SspB~CtrA15 or
SspB~CtrA15. (F) SspB adaptor degradation is protected in the presence of ssrA-derived
peptide (AANDNNYA). In vitro degradation experiment was performed in the absence
!

129!

or presence of ssrA peptide. Proteins were resolved on 15% (D) and 12% (E, F) SDSPAGE gels and images are shown.
Table 3.1. Strains and plasmids used in this study.
Organism
E. coli
E. coli

Name
TOP10
BL21(DE3)pLysS

Description
cloning strain
recombinant protein expression
strain
synchronizable derivative of
wild-type CB15
CB15N ∆cpdR (tetR)
CB15N ΔpopA : : pHXM -PxylXempty vector (specR)
CB15N ΔpopA : : pHXM -PxylX popA (specR)
CB15N ΔpopA : : pHXM -PxylX –
popA R357G (specR)
CB15N ΔrcdA : : pRXMCS2PxylX-rcdA (kanR)
CB15N ΔrcdA : : pRXMCS2PxylX-rcdADD (kanR)
T7 promoter expression plasmid,
(ampR)

Source
Invitrogen
Invitrogen

C.crescentus

CB15N

C.crescentus
C.crescentus

CPC165
CPC396

C.crescentus

CPC427

C.crescentus

CPC433

C.crescentus

CPC488

C.crescentus

CPC489

Expression
vectors

pET23b

Abel et. al., 2011
This study
Chien et al., 2007

pSUMO-cpdR
pSUMO-pdeA
pSUMO-pdeADD
pSUMO-tacA
pSUMO-tacADD
pSUMO-rcdA
pSUMO-rcdA∆C
pSUMO-rcdADD
pSUMOrcdA∆C~XB
pSUMOrcdA∆C~CtrA15
pSUMOrcdA∆C~ssrA
pSUMOrcdA~CtrA15
pSUMO-CC2323
pSUMOCC2323DD

pET23b with C. crescentus clpX
pET23b with C. crescentus clpP
pQE70 with C. crescentus clpP
with C-terminal 6xhis (ampR)
pET23-hisSUMO (T7 promoter
driven vector for 6xhis-SUMO
fusion recombinant protein
expression) (ampR)
pET23-hisSUMO with cpdR
pET23-hisSUMO with pdeA
pET23-hisSUMO with pdeADD
pET23-hisSUMO with tacA
pET23-hisSUMO with tacADD
pET23-hisSUMO with rcdA
pET23-hisSUMO with rcdA∆C
pET23-hisSUMO with rcdADD
pET23-hisSUMO with
rcdA∆C~XB
pET23-hisSUMO with
rcdA∆C~CtrA15
pET23-hisSUMO with
rcdA∆C~ssrA
pET23-hisSUMO with
rcdA~CtrA15
pET23-hisSUMO with CC2323
pET23-hisSUMO with
CC2323DD

pHISDEST

T7 promoter expression plasmid,

Skerker et. al., 2005

pET23bClpX
pET23bClpP
pQE70ClpP
pSUMO
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Evinger and
Agabian, 1977
Skerker et al., 2005
This study
This study
This study
This study
This study
Invitrogen

Wang et al., 2007

Lau et al., 2015
Lau et al., 2015
Lau et al., 2015
Bhat et al., 2013
Bhat et al., 2013
This study
This study
This study
This study
This study
This study
This study
Joshi et al., 2015
This study

pHIS-tacA
pHIS-ctrA
pHIS-CC2323
pBAD-GFP-ssrA
pBAD-GFPssrADD
pET28a or
pET28b
pET28a-his6PopA
pET28b-his6SspB
pET28b-his6∆N9SspB
pET28b-his6
∆N9SspB~CtrA15
chimera
pET28b-his6SspB~CtrA15
chimera
pHXM-DEST
pRXMCS2

N-terminal 6xhis tag, Destination
vector (ampR)
pHISDEST with tacA
pHISDEST with CtrA
pHISDEST with CC2323
pBAD with GFP-ssrA
pBAD with GFP-ssrADD

Joshi et al, 2015
Chien et al., 2007
This study
Lau et al., 2015
Chien et al., 2007

T7 promoter expression plasmid,
N-terminus his tag, thrombin
cleavable, (kanR), a and b varies
in MCS
pET28a with popA

Novagen

pET28b with sspB

Chien et al., 2007

pET28b with sspB lacking Nterminal 9 residues
pET28b with sspB lacking Nterminal 9 residues and appended
with C-terminal 15 residues of
CtrA
pET28b with sspB appended with
C-terminal 15 residues of CtrA

Lau et al., 2015

pJS71-PxylX-M2; high-copy,
xylose inducible, N-terminus M2
tag (specR)
low-copy, xylose inducible
(kanR)

Skerker, et al. 2005

Joshi et al., 2015

This study

This study

Skerker, et al. 2005

3.9 References
Abel, S., Chien, P., Wassmann, P., Schirmer, T., Kaever, V., Laub, M.T., Baker, T.A.,
and Jenal, U. (2011). Regulatory cohesion of cell cycle and cell differentiation through
interlinked phosphorylation and second messenger networks. Mol Cell 43, 550-560.
Ades, S.E. (2004). Proteolysis: Adaptor, adaptor, catch me a catch. Curr Biol 14, R924926.
Battesti, A., and Gottesman, S. (2013). Roles of adaptor proteins in regulation of bacterial
proteolysis. Curr Opin Microbiol 16, 140-147.
Bhat, N.H., Vass, R.H., Stoddard, P.R., Shin, D.K., and Chien, P. (2013). Identification
of ClpP substrates in Caulobacter crescentus reveals a role for regulated proteolysis in
bacterial development. Mol Microbiol 88, 1083-1092.
Bougdour, A., Wickner, S., and Gottesman, S. (2006). Modulating RssB activity: IraP, a
novel regulator of sigma(S) stability in Escherichia coli. Genes Dev 20, 884-897.

!

131!

Chan, C.M., Hahn, E., and Zuber, P. (2014). Adaptor bypass mutations of Bacillus
subtilis spx suggest a mechanism for YjbH-enhanced proteolysis of the regulator Spx by
ClpXP. Mol Microbiol 93, 426-438.
Chien, P., Grant, R.A., Sauer, R.T., and Baker, T.A. (2007a). Structure and substrate
specificity of an SspB ortholog: design implications for AAA+ adaptors. Structure 15,
1296-1305.
Chien, P., Perchuk, B.S., Laub, M.T., Sauer, R.T., and Baker, T.A. (2007b). Direct and
adaptor-mediated substrate recognition by an essential AAA+ protease. Proc Natl Acad
Sci U S A 104, 6590-6595.
Collier, J. (2016). Cell cycle control in Alphaproteobacteria. Curr Opin Microbiol 30,
107-113.
Curtis, P.D., and Brun, Y.V. (2010). Getting in the loop: regulation of development in
Caulobacter crescentus. Microbiol Mol Biol Rev 74, 13-41.
Davis JH. (2010). Understanding and harnessing energy-dependent proteolysis for
controlled protein degradation in bacteria. Doctoral Dissertations, Massachusetts Institute
of Technology, April 2010
Domian, I.J., Quon, K.C., and Shapiro, L. (1997). Cell type-specific phosphorylation and
proteolysis of a transcriptional regulator controls the G1-to-S transition in a bacterial cell
cycle. Cell 90, 415-424.
Dougan, D.A., Weber-Ban, E., and Bukau, B. (2003). Targeted delivery of an ssrAtagged substrate by the adaptor protein SspB to its cognate AAA+ protein ClpX. Mol
Cell 12, 373-380.
Duerig, A., Abel, S., Folcher, M., Nicollier, M., Schwede, T., Amiot, N., Giese, B., and
Jenal, U. (2009). Second messenger-mediated spatiotemporal control of protein
degradation regulates bacterial cell cycle progression. Genes Dev 23, 93-104.
Evinger, M. and Agabian, N. (1977). Envelope-associated nucleoid from Caulobacter
crescentus stalked and swarmer cells. J. Bacteriol. 132, 294-301.
Flynn, J.M., Neher, S.B., Kim, Y.I., Sauer, R.T., and Baker, T.A. (2003). Proteomic
discovery of cellular substrates of the ClpXP protease reveals five classes of ClpXrecognition signals. Mol Cell 11, 671-683.
Gibson, D.G., Young, L., Chuang, R.Y., Venter, J.C., Hutchison, C.A., 3rd, and Smith,
H.O. (2009). Enzymatic assembly of DNA molecules up to several hundred kilobases.
Nat Methods 6, 343-345.

!

132!

Griffith, K.L., and Grossman, A.D. (2008). Inducible protein degradation in Bacillus
subtilis using heterologous peptide tags and adaptor proteins to target substrates to the
protease ClpXP. Mol Microbiol 70, 1012-1025.
Iniesta, A.A., McGrath, P.T., Reisenauer, A., McAdams, H.H., and Shapiro, L. (2006). A
phospho-signaling pathway controls the localization and activity of a protease complex
critical for bacterial cell cycle progression. Proc Natl Acad Sci U S A 103, 10935-10940.
Iniesta, A.A., and Shapiro, L. (2008). A bacterial control circuit integrates polar
localization and proteolysis of key regulatory proteins with a phospho-signaling cascade.
Proc Natl Acad Sci U S A 105, 16602-16607.
Joshi, K.K., Berge, M., Radhakrishnan, S.K., Viollier, P.H., and Chien, P. (2015). An
Adaptor Hierarchy Regulates Proteolysis during a Bacterial Cell Cycle. Cell 163, 419431.
Joshi, K.K., and Chien, P. (2016). Regulated Proteolysis in Bacteria: Caulobacter. Annu
Rev Genet 50, 423-445.
Karradt, A., Sobanski, J., Mattow, J., Lockau, W., and Baier, K. (2008). NblA, a key
protein of phycobilisome degradation, interacts with ClpC, a HSP100 chaperone partner
of a cyanobacterial Clp protease. J Biol Chem 283, 32394-32403.
Keiler, K.C., Waller, P.R., and Sauer, R.T. (1996). Role of a peptide tagging system in
degradation of proteins synthesized from damaged messenger RNA. Science 271, 990993.
Kirstein, J., Moliere, N., Dougan, D.A., and Turgay, K. (2009). Adapting the machine:
adaptor proteins for Hsp100/Clp and AAA+ proteases. Nat Rev Microbiol 7, 589-599.
Lau, J., Hernandez-Alicea, L., Vass, R.H., and Chien, P. (2015). A Phosphosignaling
Adaptor Primes the AAA+ Protease ClpXP to Drive Cell Cycle-Regulated Proteolysis.
Mol Cell 59, 104-116.
Levchenko, I., Grant, R.A., Wah, D.A., Sauer, R.T., and Baker, T.A. (2003). Structure of
a delivery protein for an AAA+ protease in complex with a peptide degradation tag. Mol
Cell 12, 365-372.
Mei, Z., Wang, F., Qi, Y., Zhou, Z., Hu, Q., Li, H., Wu, J., and Shi, Y. (2009). Molecular
determinants of MecA as a degradation tag for the ClpCP protease. J Biol Chem 284,
34366-34375.
Roman-Hernandez, G., Hou, J.Y., Grant, R.A., Sauer, R.T., and Baker, T.A. (2011). The
ClpS adaptor mediates staged delivery of N-end rule substrates to the AAA+ ClpAP
protease. Mol Cell 43, 217-228.

!

133!

Schrader, E.K., Harstad, K.G., and Matouschek, A. (2009). Targeting proteins for
degradation. Nat Chem Biol 5, 815-822.
Sendersky, E., Kozer, N., Levi, M., Garini, Y., Shav-Tal, Y., and Schwarz, R. (2014).
The proteolysis adaptor, NblA, initiates protein pigment degradation by interacting with
the cyanobacterial light-harvesting complexes. Plant J 79, 118-126.
Skerker, J.M., Prasol, M.S., Perchuk, B.S., Biondi, E.G., and Laub, M.T. (2005). Twocomponent signal transduction pathways regulating growth and cell cycle progression in
a bacterium: a system-level analysis. PLoS Biol 3, e334.
Smith, S.C., Joshi, K.K., Zik, J.J., Trinh, K., Kamajaya, A., Chien, P., and Ryan, K.R.
(2014). Cell cycle-dependent adaptor complex for ClpXP-mediated proteolysis directly
integrates phosphorylation and second messenger signals. Proc Natl Acad Sci U S A 111,
14229-14234.
Turgay, K., Hahn, J., Burghoorn, J., and Dubnau, D. (1998). Competence in Bacillus
subtilis is controlled by regulated proteolysis of a transcription factor. EMBO J 17, 67306738.
Wang, K.H., Sauer, R.T., Baker, T.A. (2007). ClpS modulates but is not essential for
bacterial N-end rule degradation. Genes Dev. 21, 403-408.
Zhou, Y., Gottesman, S., Hoskins, J.R., Maurizi, M.R., and Wickner, S. (2001). The
RssB response regulator directly targets sigma(S) for degradation by ClpXP. Genes Dev
15, 627-637.
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

!

134!

CHAPTER 4
THE POLAR LOCALIZATION HUB PROTEIN POPZ RESTRAINS CELL
CYCLE-DEPENDENT CLPXP PROTEOLYSIS IN CAULOBACTER
CRESCENTUS4
4.1 Abstract
In Caulobacter crescentus, timely degradation of several proteins by the ClpXP
protease is critical for proper cell cycle progression. During the cell cycle, many proteins
including the ClpXP protease and its substrate CtrA, are localized to the mother pole at
the G1-to-S transition dependent on a polar interaction hub composed of PopZ protein
oligomers. Prior work posits a link between the localization of ClpXP protease, its
substrates, and the adaptors needed for degradation of these substrates. The working
hypothesis from this model is that the colocalization of protease, substrates and cofactors
results in the activation of ClpXP for the degradation of these specific factors. Here, we
formally test this hypothesis by examining the role of PopZ in ClpXP protease activity.
Contrary to this hypothesis, here, we find that CtrA degradation is even more enhanced in
cells lacking the pole organizing protein, PopZ. The ClpXP adaptor, CpdR, was required
for the enhanced degradation of CtrA in ΔpopZ strains. Deletion of PopZ enhances
degradation of both CpdR and RcdA-dependent substrates, but not the adaptorindependent substrates. We find that forcing recruitment of factors by overexpression of
PopZ leads to faster degradation of CtrA. Overexpression of PopZ still increased CtrA
degradation in cells lacking CpdR, but, did not enhance PdeA degradation, another direct
CpdR-dependent substrate. Our main conclusion is that loss of PopZ, and therefore loss
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of polar localization, does not result in the loss of ClpXP regulated proteolysis, as would
be predicted from a model which requires polar localization of ClpXP for its activation.

4.2 Importance
Regulated proteolysis is critical for the cell cycle progression of many bacteria
including Caulobacter crescentus. According to the current paradigm, this regulated
proteolysis requires localization of the ClpXP protease at stalked pole for its activation
and subsequent degradation of substrates such as CtrA. This study offers evidence that
supports an alternative model to explain how localization might influence protein
degradation. Using a delocalized in vivo system created by the deletion of a pole
organizing protein PopZ, this study shows that activation of the ClpXP protease is
independent of its polar localization. The data rather points to a role for PopZ in
restraining ClpXP activity, likely by controlling the activity of upstream regulators of
protease activity, such as CckA, though changes in localization.

4.3 Introduction
Proteolysis plays an important role in facilitating cell cycle progression and
various developmental transitions in bacteria. Examples are: cell cycle progression in
Caulobacter crescentus (Caulobacter hereafter) and cellular transition from vegetative to
sporulation stage in Bacillus subtilis (Domian et al., 1997; Higgins and Dworkin, 2012;
Joshi et al., 2015; Tan et al., 2015). The cell cycle of Caulobacter starts with a replication
incompetent motile swarmer cell (G1-like phase). In response to developmental cues, the
swarmer (SW) cell differentiates into a stalked (ST) cell. The ST cell is capable of
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replication and division to give birth to a new SW cell (S-like phase). Following
replication and asymmetric division the mother ST cell immediately starts DNA
replication and another round of cell division whereas the new born SW cell again has to
differentiate into ST cell in order to continue its cell cycle (Collier, 2016; Curtis and
Brun, 2010). To maintain such immense control during SW-ST transition, levels of many
proteins, including a protein called CtrA, change dramatically (Domian et al., 1997;
Grunenfelder et al., 2001).

CtrA is a transcriptional factor that controls transcription of ~95 genes and also
functions as an inhibitor of DNA replication (Laub et al., 2002; Quon et al., 1998). In SW
cell, CtrA is phosphorylated by a membrane-bound bifunctional kinase CckA via the
phosphotransferase ChpT (Biondi et al., 2006; Jacobs et al., 2003; Jacobs et al., 1999).
The phosphorylated CtrA binds tightly to DNA at chromosomal origin of replication
(oriC) to block the initiation of replication (Biondi et al., 2006; Domian et al., 1997;
Quon et al., 1998). The same CckA-ChpT kinase pathway also phosphorylates a response
regulator CpdR in SW cell which then inactivates its function (Biondi et al., 2006; Iniesta
et al., 2006; Lau et al., 2015; Smith et al., 2014). During SW-ST transition, the same
CckA-ChpT cascade dephosphorylates both CtrA and CpdR via shuttling of the
phosphoryl groups back to CckA (Chen et al., 2009; Lori et al., 2015). The
dephosphorylated CpdR then localizes the ClpXP protease to the stalk pole (Iniesta et al.,
2006). Parallel to this, other cofactors, PopA and RcdA, were shown to localize CtrA to
the same stalk pole (Duerig et al., 2009; McGrath et al., 2006). This convergent
localization of ClpXP protease and the CtrA substrate at the stalk pole was postulated to
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increase the local concentration of the protease and the substrate leading to the
degradation of CtrA (Duerig et al., 2009; Jenal, 2009). The destruction of CtrA then
allows the assembly of replication machinery at oriC, which then initiates the replication
process.

A novel protein, called PopZ (Polar Organizing Protein-Z), was identified over
recent years. PopZ functions as a polar scaffold to recruit the factors and the protease
complex involved in CtrA degradation at the stalked pole (Bowman et al., 2010). Besides
serving as a scaffold, PopZ also anchors sister chromosomes at the stalked pole by
directly binding to ParB, which is associated with oriC during chromosome segregation
(Bowman et al., 2008; Ebersbach et al., 2008). It also mediates polar localization of
proteins involved in cellular signaling including both the transmembrane histidine kinase
CckA and the DivJ protein (Ebersbach et al., 2008). It was proposed that PopZ functions
as a switch between chromosome tethering and protein scaffolding during SW-ST
transition in Caulobacter to accommodate programmed asymmetry during cell cycle
(Bowman et al., 2010). Further dissection of PopZ revealed an N-terminal region, which
is sufficient for binding all its partner proteins, and a C-terminal region for homooligomerization (Holmes et al., 2016).

Together, these protein localization studies

supported a model where spatial compartmentalization of the the protease ClpXP and the
substrate CtrA allows removal of CtrA during SW-ST transition in Caulobacter.

Studies that were conducted recently suggested that spatial localization might not
be critical for CtrA degradation. The factor, RcdA, was shown necessary for CtrA
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degradation as deletion of this factor did not support cell cycle changes in CtrA
degradation (McGrath et al., 2006). Structure-guided RcdA mutants, which were
incompetent to localize to stalk pole, also failed to localize CtrA, but this delocalization
did not perturb cell cycle-dependent degradation of CtrA (Taylor et al., 2009).
Localization of ClpXP to the stalk pole is not necessary for some of its activity as some
ClpXP substrates, such as FtsZ, were still degraded in a SW cell where ClpXP was
shown to be delocalized (Williams et al., 2014). Furthermore, in vitro reconstitution
experiments using highly purified proteins supported an adaptor hierarchy model where
CpdR, RcdA and PopA work in a coordinated fashion as adaptors to degrade many
substrates including CtrA (Joshi et al., 2015; Lau et al., 2015).

In this study, we find surprisingly that CtrA degradation is even enhanced in PopZ
lacking cells suggesting that PopZ restrains CtrA degradation. The ClpXP adaptor, CpdR,
was still required for this enhanced degradation as CtrA degradation was stabilized in a
ΔcpdRΔpopZ double knockout cells. This enhancement of degradation in ∆popZ cells
also extends to both the CpdR and the RcdA-dependent substrates, PdeA and TacA,
respectively. This indicates that ClpXP is activated at the CpdR adaptor level. However,
ClpXP activity is not globally stimulated in ∆popZ cells as degradation of adaptorindependent substrate in not affected. Deletion of PopZ did not perturb protein
degradation globally as proteolysis of ClpXP-independent substrate is not compromised.
Forcing over-recruitment of adaptors, CpdR/RcdA/PopA, and the protease ClpXP by
overexpressing PopZ also leads to enhanced degradation of CtrA. Together, these results
support a model where PopZ-mediated localization of the protease ClpXP is not essential
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for its activation but rather may be critical for the regulation of the activity of the
upstream regulators of the ClpXP protease such as the CckA kinase.

4.4 Materials and Methods
4.4.1 Bacterial culture conditions and plasmid construction.
E.coli and Caulobacter strains used in the study are tabulated in Table 1. E. coli
strains were grown in Luria-Broth (LB) media at 37 °C with the appropriate antibiotic
(50 µg/ml kanamycin, 15 µg/ml tetracycline, 30 µg/ml chloramphenicol). Caulobacter
strains were grown in Peptone-Yeast-Extract (PYE) media at 30 °C with the appropriate
antibiotic (1 µg/ml tetracycline, 1 µg/ml chloramphenicol, 5 µg/ml kanamycin). PdeA
were PCR amplified and cloned into pENTR plasmids. The inserts were then moved into
xylose-inducible expression plasmids which append an M2-epitope tag on the N-terminus
of the protein using Gateway-based cloning (Skerker et al., 2005). Microscopy was
performed as described previously (Joshi et al., 2015; Lau et al., 2015).

4.4.2 In vivo protein degradation assays
Caulobacter cells were grown to ~0.3 (OD600) in PYE medium with appropriate
antibiotic. Protein expression was induced with xylose wherever required and then
protein synthesis was blocked by the addition of 50 µg/ml kanamycin or 30 µg/ml
chloramphenicol. Equal volumes of samples were collected at different time points as
indicated in figures for Western analysis.
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4.4.3 Western analysis
Culture samples withdrawn at different time points were centrifuged. After
removal of supernatant, the pellets were resuspended in 2X SDS sample buffer
containing 40 mM DTT. The samples were boiled at 95 °C for 10 minutes and
centrifuged to remove cellular debris. After centrifugation, the extracts were resolved on
10-12% SDS-PAGE gels. Proteins from the gel were then transferred to a polyvinylidene
difluoride (PVDF) membrane. After blocking the membranes with 3% milk-TBST buffer,
the membranes were probed with antibodies overnight at 4 °C. Antibodies used were:
polyclonal rabbit anti-CtrA (1:5000 dilution), anti-McpA (1:10000 dilution), anti-DnaA
(1:10000 dilution), anti-TacA (1:10000 dilution), affinity purified anti-PdeA (1:1000
dilution), anti-ClpP (1:5000 dilution) or monoclonal mouse anti-FLAG M2 (1:5000
dilution; Sigma). After washing off the excess primary antibody, the membranes were
probed with goat anti-rabbit (Millipore, USA) or goat anti-mouse (Millipore, USA)
secondary antibodies conjugated to HRP enzyme. Proteins were visualized by the
luminescence from HRP substrate using a chemiluminescence detection system G-box
(Syngene, UK).

4.5 Results
4.5.1 Degradation of CtrA is enhanced in cells lacking the polar organizing protein
PopZ
PopZ is a scaffolding protein that facilitates polar localization of a multitude of
proteins including those that are directly involved in CtrA degradation such as CpdR,
RcdA, PopA and ClpX (Bowman et al., 2010; Ozaki et al., 2014). Cells lacking PopZ
have morphological defects and fail to localize the aforementioned factors to the stalked
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pole (Bowman et al., 2010; Ozaki et al., 2014). Since polar localization of the ClpXP
protease and the substrate, CtrA, facilitated by the cofactors CpdR/RcdA/PopA was
postulated to be critical for CtrA degradation, we hypothesized that CtrA degradation
would be lost in cells lacking PopZ. Contrary to our hypothesis, we observed that CtrA
was degraded even more rapidly in ΔpopZ than compared to wildtype cells (Fig. 4.1A
and 4.1B). CtrA stability and morphology were restored to those of wildtype cells when
ΔpopZ strain was complemented with a plasmid expressing the protein PopZ, suggesting
that the enhanced degradation of CtrA in ΔpopZ strain is due to loss of PopZ (Fig. 4.1A,
4.1B and 4.1C). Together, these results suggest that the scaffolding protein, PopZ,
restrains CtrA degradation and support a model where CpdR, RcdA, PopA-cdG together
constitute a adaptor hub to stimulate ClpXP-mediated degradation of CtrA (Fig. 4.1D and
Joshi et al., 2015).

Figure 4.1: CtrA degradation is enhanced in cells lacking the pole organizing
protein PopZ. (A) CtrA degradation in wildtype, ΔpopZ and ΔpopZ cells transformed a
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plasmid-borne PopZ in vivo. Cells were grown to exponential phase and then protein
synthesis was blocked by adding kanamycin. Lysates from equal volumes of cells were
collected at indicated time points for SDS-PAGE gels. CtrA stability was monitored by
Western blot analyses by probing the blots with an anti-CtrA antibody. ClpP is shown as
a loading control. (B) Quantitation of Western blots. Bands corresponding to CtrA and
ClpP were quantified using ImageJ (NIH, USA) and normalized band intensities over
time are shown. Data represents mean ± SD of two independent experiments. (C)
Complementation of PopZ protein expressed from a plasmid restored wildtype
morphology of ΔpopZ cells. All strains were grown to logarithmic phase in PYE without
the presence of inducer and DIC images captured are shown. (D) A model depicting
adaptor complex-mediated proteolysis of CtrA by ClpXP. Here CpdR, RcdA and PopA
assemble in a hierarchical manner to deliver many substrates including CtrA to ClpXP
for degradation (Joshi et al., 2015).
4.5.2 ClpXP or adaptor-independent proteolysis is not affected in cells lacking PopZ
The loss of PopZ protein stimulated CtrA degradation, which raised many
questions: 1) Is ClpXP protease activated prolifically? 2) Is protein degradation
stimulated globally? To answer these questions, we monitored degradation of a ClpXP
reporter substrate (GFP~CtrA15) that does not require adaptors. Degradation of M2
epitope tagged GFP~CtrA15 is not affected in ΔpopZ cells compared to wildtype cells
suggesting that the stimulation of CtrA degradation is specific to changes in adaptor
activity (Fig. 4.2A and 4.2B). To examine whether protein degradation is globally
stimulated in ΔpopZ cells, we monitored degradation of a ClpXP-independent substrate
DnaA. Degradation of DnaA remained unaffected in ΔpopZ cells compared to wildtype
cells suggesting that the enhancement in degradation in ΔpopZ cells is specific to ClpXPdependent substrates (Fig. 4.2C and 4.2D). Next we set out to examine the level of
adaptor activity that is modulated in ΔpopZ cells.
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Figure 4.2: Degradation of either adaptor or ClpXP-independent proteolysis is not
compromised in wildtype and ΔpopZ cells. (A) Wildtype and ΔpopZ cells expressing
an M2-epitope tagged GFP~CtrA15 were grown to exponential phase and induced with
0.3% xylose for 2 hours. Protein synthesis was then blocked by the addition of
chloramphenicol. Lysates from equal volumes of cells were collected at indicated time
points for SDS-PAGE gels. M2GFP~CtrA15 stability was monitored by Western blot
analyses by probing the blots with an anti-M2 antibody. ClpP is shown as a loading
control. (B) Quantitation of Western blots. Bands corresponding to M2GFP~CtrA15 and
ClpP were quantified using ImageJ and normalized band intensities over time are shown.
Data represents mean ± SD from two biological replicates. (C) Degradation of ClpXPindependent substrate DnaA is not affected in wildtype and ΔpopZ cells. Conditions used
were similar as in figure 1A except that the blot was probed for anti-DnaA antibody.
ClpP is shown as a loading control. (D) Quantitation of Western blots from figure 2C.
4.5.3 Degradation of both CpdR and RcdA-dependent substrates is enhanced in cells
lacking PopZ
PdeA is a phosphodiesterase that absolutely requires the CpdR adaptor whereas
TacA is a response regulator that requires both the CpdR and the RcdA adaptors for
ClpXP-mediated degradation (Abel et al., 2011; Joshi et al., 2015; Lau et al., 2015). In
order to determine which level of adaptor-dependent proteolysis is compromised in
ΔpopZ cells, we monitored the degradation of both PdeA and TacA. Degradation of both
PdeA and TacA is enhanced in cells lacking PopZ suggesting that along with CtrA
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degradation; degradation of other ClpXP substrates is also stimulated in ΔpopZ cells (Fig.
4.3A and 4.3B). These results point to a condition where ClpXP is constitutively
activated at the CpdR adaptor level.

Figure 4.3: Degradation of CpdR and RcdA-dependent substrates is enhanced in
cells lacking PopZ. (A) Strains expressing M2-tagged PdeA were grown to exponential
phase and induced with 0.3% xylose for 2 hours before inhibiting protein translation by
the addition of chloramphenicol. (C) TacA stability was monitored in wildtype and
ΔpopZ cells. Lysates from equal volume of cells were collected at indicated time points
and loaded onto SDS-PAGE gels. PdeA and TacA stability was monitored by Western
blot analyses by probing the blots with anti-M2 and anti-TacA antibodies. (B, D)
Quantitation of Western blots. Bands corresponding to M2PdeA, TacA and ClpP were
quantified and normalized band intensities over time are shown. Data represents mean ±
SD from two biological replicates (B) and two independent experiments (D).
4.5.4 CpdR is epistatic to PopZ in CtrA degradation pathway
The adaptor CpdR is required for stimulation of CtrA degradation both in vivo
and in vitro (Iniesta et al., 2006; Joshi et al., 2015; Smith et al., 2014). We reasoned that
since CpdR activity appeared to be modulated in ΔpopZ cells, deletion of CpdR in ΔpopZ
background should result in loss of CtrA degradation. To test this hypothesis we made a
ΔcpdRΔpopZ double knock out strain by transducing the ΔpopZ strain with a ϕCr30
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phage carrying the CpdR knockout cascade. As expected, CtrA degradation was
stabilized in ΔcpdRΔpopZ double knockout background similar to that in ΔcpdR strain
whereas CtrA was degraded rapidly in ΔpopZ background (Fig. 4.4A). Microscopy
experiments showed delocalization of CpdR-YFP in ΔpopZ and ΔcpdRΔpopZ double
knockout cells (Fig. 4.4B and (Bowman et al., 2010). CtrA degradation was restored by
complementing ΔcpdRΔpopZ strain with a plasmid expressing the CpdR protein
suggesting that the loss of CtrA degradation in ΔcpdRΔpopZ strain could be attributed to
loss of CpdR (Fig. 4.4C). CpdR activity is regulated by phosphorylation as a
nonphosphorable CpdR (CpdR-D51A) prolifically delivers CtrA for degradation (Iniesta
et al., 2006). Consistent with this, expression of CpdR-D51A in ΔcpdRΔpopZ strain
further stimulated CtrA degradation (Fig. 4.4C). Taken together these results suggest that
the adaptor protein, CpdR, is absolutely required for CtrA degradation in ΔpopZ cells.
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Figure 4.4: CpdR is epistasis to PopZ in CtrA degradation pathway. (A) CtrA
stability is monitored in wildtype, ΔpopZ, ΔcpdR and ΔcpdRΔpopZ double knock out
strains. Experimental conditions were similar as in figure 1A except that the blots were
probed for anti-CtrA and anti-ClpP antibodies. (B) DIC and fluorescence microscopy
images of wildtype, ΔpopZ, ΔcpdRΔpopZ cells expressing CpdR-YFP from a plasmid
bearing a CpdR promoter. (C) CtrA degradation is restored in ΔcpdRΔpopZ double
knockout cells expressing CpdR from a plasmid. CpdR and CpdR-D51A were expressed
in ΔcpdRΔpopZ cells from low copy xylose-inducible plasmids. Cells were grown to
exponential phase with 0.3% xylose or not and protein synthesis was inhibited by adding
chloramphenicol. Lysates from equal number of cells were collected at indicated time
points for Western analysis. Asterisks denote cross-reacting bands.
4.5.5 Forcing over-recruitment by overexpression of PopZ, stimulated CtrA
degradation specifically
Previously, it has been shown that overexpression of PopZ leads to the
enlargement of the polar region and over-recruitment of proteins such as CpdR, RcdA
and ClpX to these polar zones (Bowman et al., 2010). Since these proteins are involved in
CtrA degradation, we speculated that overproduction of PopZ would increase the local
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concentration of these proteins, which should result in faster turnover of CtrA. As
expected, when we overexpressed PopZ in wildtype cells, CtrA was degraded faster
compared to in wildtype cells (Fig. 4.5A and 4.5B). Surprisingly, the effect of
overexpression of PopZ on stimulation of protein degradation was specific to CtrA as
PdeA degradation was not affected (Fig. 4.5A and 4.7). These results are consistent with
an absolute requirement of CpdR for PdeA degradation (Lau et al., 2015; Rood et al.,
2012) whereas ClpXP can alone degrade CtrA (Chien et al., 2007). This result would
suggest that forcing recruitment of the protease and the substrate, facilitate degradation
without the need for adaptors. Overexpression of PopZ did not compromise protein
degradation globally as degradation of a ClpXP-independent substrate, DnaA, remained
unaffected (Fig. 4.5A and 4.7). To further confirm that forcing the colocalization of both
the protease and the substrate bypasses the need for adaptors, we monitored the stability
of CtrA in ΔcpdR cells overexpressing PopZ. To our surprise we observed that CtrA,
which remained stable in ΔcpdR cells, was degraded in ΔcpdR cells overproducing PopZ
(Fig 4.5C and 4.5D). However, degradation of the CpdR-dependent substrate, PdeA, was
not stimulated (Fig. 4.5C and 4.7). This suggested that forcing both the protease and the
substrate together could stimulate degradation of those substrates that require adaptors for
the enhancement of affinity to the protease but could not stimulate degradation for those
that need adaptors for modulating the bond between the protease and the substrate.
Similar to PopZ overexpression in wildtype, PopZ overexpression in ΔcpdR cells did not
affect protein degradation globally as degradation of DnaA remained unaffected (Fig.
4.5C and 4.7). Together these results suggest that forcing recruitment of the protease and

!

148!

the substrate by overexpressing PopZ could bypass the need for the CpdR adaptor
specifically for CtrA degradation.

Figure 4.5: Overexpression of PopZ specifically stimulated CtrA degradation in
wildtype and ΔcpdR cells. (A) Degradation of CtrA, PdeA, and DnaA was monitored in
wildtype cells or WT cells overexpressing PopZ from a high copy xylose-inducible
plasmid. Cultures were induced for 8 hours using 0.3% xylose keeping them in
exponential phase all time. After inhibiting protein synthesis by the addition of
kanamycin, lysates from equal volumes of cells were collected at indicated time points
and loaded onto SDS-PAGE gels. Degradation of PdeA a direct CpdR substrate was not
stimulated in PopZ overexpressing cells compared to WT cells. Degradation of DnaA a
ClpXP-independent substrate was not affected in WT and PopZ overexpressing cells. (B)
Bands corresponding to CtrA and ClpP were quantified using ImageJ (NIH, USA) and
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normalized band intensities over time are shown. Data represents mean ± SD of three
independent experiments. Asterisks indicate cross-reacting bands. (C) Overexpression of
PopZ stimulated CtrA degradation but not PdeA degradation in ΔcpdR cells. DnaA
degradation remained unaffected. Experimental conditions were same as in figure 5A.
(D) Bands corresponding to CtrA and ClpP were quantified and normalized intensities
are shown. Data represents mean ± SD of three independent experiments.
4.6 Discussion
Even after decades of research work it is still unclear whether the polar
localization of the ClpXP protease is critical for its activation in Caulobacter. Genetic
experiments suggested that the auxiliary factors CpdR/RcdA/PopA are necessary for
CtrA degradation. Microscopy-based experiments supported this idea by pointing out
that these factors facilitated localization of the ClpXP protease and the CtrA substrate to
the stalked pole where degradation occurs (Duerig et al., 2009; Iniesta et al., 2006;
McGrath et al., 2006). Recent in vitro reconstitution experiments demonstrated that all
these accessory factors work together as biochemical adaptors enhancing the affinity of
CtrA for ClpXP (Joshi et al., 2015; Smith et al., 2014). Here, we used an in vivo system
where all the factors CpdR/RcdA/PopA and the ClpX ATPase were delocalized, a strain
that was generated by knocking out a pole organizing protein PopZ (Bowman et al.,
2010; Bowman et al., 2008; Ebersbach et al., 2008). We found that CtrA is degraded
rapidly in cells lacking the PopZ protein compared to that in wildtype. This was
unexpected as this result was belied the model where polar localization of the protease
ClpXP and the substrate CtrA drives its degradation. The fact that the degradation of
other CpdR and RcdA-dependent substrates is also enhanced in ΔpopZ cells supported
that polar localization mediated by PopZ protein might be critical for restraining protein
degradation rather than driving degradation.
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CckA is a membrane-bound bifunctional histidine kinase. When it is kinase
active, the enzyme autophosphorylates itself and then phosphorylates both CtrA and
CpdR via the phosphotransferase ChpT (Biondi et al., 2006; Jacobs et al., 2003; Jacobs et
al., 1999). When it is bound to cdG, CckA is phosphatase active and dephosphorylates
CtrA and CpdR and transferring the phosphoryl groups back to itself (Lori et al., 2015).
This allows cyclic fluctuation of CtrA activity via phosphorylation and proteolysis, which
is key for proper cell cycle progression. Cells expressing a mutant CckAL4r (Linker 4
mutation in CA domain of CckA) were shown to have disrupted polar localization
together with other defects. Though variability in data was reported but in cells
expressing CckAL4r mutant, phosphorylation status of CpdR was not changed
significantly whereas the total cellular levels were increased compared to wildtype
indirectly indicating an increase in unphosphorylated CpdR pool (Angelastro et al.,
2010). CtrA was degraded slightly faster in this background compared to wildtype cells
(Angelastro et al., 2010). Recently, it has been shown that a CckA variant (CckAΔTM)
that lacks its membrane-anchoring domain cannot localize to the pole and remains
delocalized. Cells expressing this variant have adverse replicative and developmental
defects. However, expression of a different variant CckAΔTM(V366P) that remains
delocalized but also lacks its phosphatase activity did not show such adverse defects
compared to cells expressing CckAΔTM. The study proposed that CckAΔTM in its
delocalized form primarily functions as a phosphatase. The local microenvironment of
the swarmer pole turns on CckA kinase activity (Lori et al., 2015). The pole-specific
scaffolding protein PopZ controls polar localization of CckA. Cells lacking PopZ showed
dramatic localization defects wherein CckA remained mostly delocalized (Ebersbach et
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al., 2008). Since, CckA is delocalized in ΔpopZ cells and a delocalized CckA can
primarily function as a phosphatase, CpdR would remain mostly dephosphorylated in
ΔpopZ cells. This is consistent with the result from Angelastro et al., which indirectly
indicated an increase in dephosphorylated CpdR levels when CckA is delocalized
(Angelastro et al., 2010). In total, our data combined with others supports a model where
polar localization organized by PopZ is critical for regulating the activity of CckA, the
upstream regulator of ClpXP (Fig. 4.6). When PopZ is present, CckA can switch between
the kinase and the phosphatase states, thus, controlling CpdR-dependent ClpXP
activation. However, when PopZ is deleted, CckA predominantly functions as a
phosphatase thus constitutively priming ClpXP. The CpdR-primed ClpXP protease then
prolifically degrades substrates such as CtrA, TacA and PdeA.
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Figure 4.6: A model representing the role of PopZ in restraining proteolysis. When
PopZ is present, CckA is properly localized to stalked pole where it can switch between a
kinase and a phosphatase states thus modulates phosphorylation of CpdR. When CpdR is
dephosphorylated it can prime the ClpXP protease to activate degradation of substrates
CtrA/TacA/PdeA. When PopZ is absent, CckA is delocalized and predominantly
functions as a phosphatase (Angelastro et al., 2010; Lori et al., 2015). CckA then
dephosphorylate CpdR via ChpT. The dephosphorylated CpdR constitutively primed
ClpXP protease and prolifically stimulates degradation of CtrA/TacA/PdeA.
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Figure 4.7: Quantitation of Western blots from figure 5. Bands corresponding to
PdeA and DnaA were quantified using ImageJ and normalized band intensities over time
are shown.
Table 4.1. Strains and plasmids used in this study
Plasmid or strain
Strains
E.coli TOP10
C.crescentus CB15N
CPC104
CPC165
CPC164
CPC204
CPC107
CPC201
CPC313
CPC314
CPC233
CPC234
CPC235
CPC551
CPC552
!

Description

Source

cloning strain
Invitrogen
synchronizable derivative of wild-type (Evinger and
CB15
Agabian,
1977)
CB15N ∆popZ (specR)
(Ebersbach et
al., 2008)
R
CB15N ∆cpdR (tet )
(Skerker et
al., 2005)
CB15N ∆tacA (R)
(Skerker et
al., 2005)
R
R
CB15N ∆cpdR∆popZ (tet and spec )
This study
CB15N WT : : pJS14 -PxylX-popZ (cmR)
This study
CB15N ΔpopZ : : pJS14 -PxylX-popZ (cmR)
This study
CB15N WT : : pLXM -PxylX-pdeA (tetR)
This study
R
CB15N ΔpopZ : : pLXM -PxylX-pdeA (tet )
This study
CB15N WT : : pcpdR-cpdR-yfp (kanR)
This study
CB15N ∆popZ : : pcpdR-cpdR-yfp (kanR)
This study
CB15N ∆cpdR∆popZ : : pcpdR-cpdR-yfp This study
(kanR)
CB15N ∆cpdR∆popZ : : pLXM-PxylX-cpdR This study
(kanR)
CB15N ∆cpdR∆popZ : : pLXM-PxylX-cpdR- This study
154!

CPC118
CPC221
CPC207
Plasmids
pENTR/D-TOPO
pJS14-DEST
pLXM-DEST
pLXM-DEST
pRX

D51A (kanR)
CB15N ΔcpdR : : pJS14 -PxylX-popZ (cmR)
CB15N WT : : pRX-gfp~ctrA15 (kanR)
CB15N ΔpopZ : : pRX-gfp~ctrA15 (kanR)
entry vector for Gateway cloning (kanR)
pJS14-PxylX-M2;
high-copy,
xylose
R
inducible, N-terminus M2 tag (cm )
pMR10-PxylX-M2; broad host range, lowcopy, xylose inducible, N-terminus M2 tag
(kanR)
pMR20-PxylX-M2; broad host range, lowcopy, xylose inducible, N-terminus M2 tag
(tetR)
Replicative, xylose inducible, M2 tag
(kanR)

This study
This study
This study

Invitrogen
(Skerker et
al., 2005)
(Skerker et
al., 2005)
(Skerker
al., 2005)

et

(Thanbichler
et al., 2007)
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CHAPTER 5
CHALLENGES AND FUTURE PERSPECTIVES5
5.1 Challenges of protease adaptor/substrate discovery
There is a central difficulty in discovering new AAA+ protease adaptors and their
substrates. In order to identify a candidate protein as an adaptor, one must know which
substrate’s degradation is affected. In order to validate that a substrate is degraded, one
must know the adaptor needed for promoting its degradation. This circular challenge is
one major reason why defining the adaptor hierarchy of the Caulobacter cell cycle
required a combination of genetic, cell biology, and biochemical approaches.

Genetic experiments initially pointed to a need for RcdA during the cell cycledependent degradation of CtrA in vivo (McGrath et al., 2006). However, RcdA alone did
not stimulate degradation of CtrA in vitro (Chien et al., 2007b). CpdR is necessary for
CtrA degradation in vivo (Iniesta et al., 2006), but CpdR alone is insufficient to stimulate
CtrA degradation in vitro (Smith et al., 2014). In fact, CtrA degradation by ClpXP alone
in vitro is sufficiently rapid to account for its in vivo dynamics (Chien et al., 2007b), but
the observation that additional regulators can inhibit CtrA degradation (Gora et al., 2013)
suggested a need for a stimulatory factor. The finding that CpdR, but not RcdA or PopA,
was needed for PdeA degradation in vivo and that CpdR alone could stimulate PdeA
degradation by ClpXP in vitro (Abel et al., 2011; Rood et al., 2012) was a key result that

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
5

A modified version of Chapter 5 was published as Joshi KK and Chien P. Annu. Rev. Genet. (2016)
50:423-45
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led to the current understanding of the CpdR/RcdA/PopA adaptor hierarchy (Joshi et al.,
2015; Lau et al., 2015).

How do we then identify new adaptors or substrates? For the case of ClpX, the
unique N-terminal domain is the binding site for all known adaptors and some substrates
(Chien et al., 2007a; Lau et al., 2015). Therefore, proteins that interact with this domain
would include as yet unknown adaptors and substrates that rely directly on this domain.
Identifying new adaptors will likely require a combination of genetic, cell biology, and
biochemical studies. In an ideal case, the genetics would point to the necessity of a
particular factor for degradation of a substrate in vivo, whereas biochemical reconstitution
experiments would inform on the sufficiency of that factor in vitro. Recent advances in
quantitative proteomics and high-throughput genetics will likely be key in identifying and
characterizing new adaptors/substrates pairs.

5.2 Challenges for future understanding of proteolytic control
Protein degradation is an essential process for replication and growth of
Caulobacter and other bacteria. Because proteolysis is irreversible, cells must execute
this process only when needed. This need could be for general protein quality control,
upon stress or damaging conditions, during developmental transitions, or during cell
cycle progression. Although much has been discovered about how protein degradation is
controlled in Caulobacter, there are many outstanding questions for both immediate and
future consideration.
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The specific roles of AAA+ proteases, such as Lon proteases or Clp proteases,
during stress responses have been derived mainly from studies in other model bacteria.
However, substrates for these proteases are not necessarily conserved in Caulobacter or
vice versa, even though all bacteria must respond to similar stresses. Therefore,
understanding how degradation of different substrates by different proteases in different
bacteria occurs in response to the same stress will assuredly yield general insight into
microbial stress responses.

Binding of the adaptor CpdR to ClpX primes the protease for recruitment of
substrates or additional adaptors. How does the adaptor CpdR perform this function?
Binding of CpdR to the N-terminal domain (NTD) of ClpX might induce a conformation
change either in the adaptor CpdR or the NTD of ClpX or both that then establishes a
recruitment interface for the binding of substrates or additional adaptors. CpdR and ClpX
may individually contain weak interaction sites that together create a strong binding
interface for substrates or additional adaptors. Various testable hypotheses have been
suggested to decipher the protease priming mechanism mediated by CpdR (Lau, Joanne.
2016).

RcdA binds to a diverse set of substrates to deliver them to CpdR activated ClpXP
for degradation (Joshi et al., 2015). How does RcdA bind to such diverse set of substrates
with no obvious conserved sequence motif? Biochemical and genetic experiments
suggest competition for binding between different cargos of RcdA - presence of excess
amount of one cargo (PopA) suppresses degradation of the other (TacA), degradation of
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TacA is enhanced in cells lacking PopA (Joshi et al., 2015). Based on these results it is
tempting to speculate that all cargos might bind to the same or overlapping binding site in
RcdA. It is possible that the binding region of all RcdA cargos is structurally conserved
in totality or partially, which is reminiscent of the binding of RseA1-108 and ssrA peptide
to SspB. The binding sites on these substrates have no sequence similarities but both bind
to the same binding cleft on SspB. The cocrystal structure of RseA peptide/SspB and
ssrA peptide/SspB revealed an overlapping binding site on SspB with both the peptides
1) sharing one common interaction, 2) binding in a reverse orientation and 3) RseA
peptide occupying a larger binding region than ssrA peptide (Levchenko et al., 2005).
Cocrystal structures of RcdA with its cargos will help in elucidating the mode of binding
at atomic level in near future.

RcdA and CpdR are conserved in many α-proteobacteria, but PopA is not (Brilli
et al., 2010; Ozaki et al., 2014). What does RcdA/CpdR do in other bacteria? Are there
proteins equivalent to PopA in function that serve to further adapt adaptors in other
bacteria? Is there evidence for adaptor hierarchies in other bacteria during important
cellular transitions? In the plant symbiont Sinorhizobium meliloti, there are two orthologs
of CpdR, but only one (CpdR1) causes physiological defects when either deleted or
overactivated (Kobayashi et al., 2009). CpdR1 appears to play a role in controlling CtrA
stability, which is particularly important in the endoreduplication process during
symbiosis (Pini et al., 2015; Schallies et al., 2015). Less is known about the role of RcdA
in S. meliloti, but depletion of RcdA increases CtrA levels (Pini et al., 2015), supporting
its role in controlling CtrA stability similar to that seen in Caulobacter. Interestingly,
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RcdA appears to be essential in S. meliloti and in Agrobacterium tumefaciens (Curtis and
Brun, 2014; Pini et al., 2015). A tempting speculation is that CpdR and RcdA represent a
more broadly conserved ancestral adaptor system found throughout α-proteobacteria. In
this light, the inclusion of PopA in Caulobacter allows cells to link cdG levels with CtrA
destruction, timing this process to cell cycle events. The absence of PopA in other
bacteria in which CtrA is degraded in a CpdR/RcdA-dependent manner leads one to ask
what the equivalent for PopA is in these cases and how this adaptor hierarchy might
impact physiology in other bacteria.

5.3 Energy-dependent proteolytic factors as therapeutic targets
Growing evidence indicates that energy-dependent protein degradation of key
regulatory proteins by AAA+ proteases is crucial for virulence in many pathogens (Butler
et al., 2006; Ingmer and Brondsted, 2009; Raju et al., 2014; Willett et al., 2015). Because
these systems are not very well characterized, lessons learned in the simple model
organism Caulobacter could directly be applied to other pathogenic bacteria especially
the closest relatives of Caulobacter. For example, a recent study showed that expression
of a hyperactive variant of CpdR (an adaptor in Caulobacter) in Brucella abortus, a
pathogenic bacterium that causes brucellosis, resulted in reduction of bacterial infection
to macrophages (Willett et al., 2015). Modulating such an adaptor activity using a small
molecule may have therapeutic potential. Similarly, degradation of the transcription
repressor, Spx, in the opportunistic pathogen Staphylococcus epidermis, is shown to be
important for biofilm formation and attachment to the uroepithelium. Inhibition of Spx
degradation either by targeting the Spx protein directly, or an intermediate adaptor if any,
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or the Clp machinery could lead to accumulation of Spx and thus repression of genes that
are involved in biofilm formation preventing infective colonization of S. epidermis in the
urinary tract (Wang et al., 2010). In the bacterium Mycobacterium tuberculosis, the major
causative agent for tuberculosis in humans, degradation of an essential transcriptional
repressor WhiB1 by Clp proteolytic machinery is critical for survival (Raju et al., 2014).
Thus, targeting WhiB1 or the Clp machinery using small molecules may provide novel
therapeutic solutions. In fact, a recent study has shown that targeting ClpP peptidase by a
small molecule Acyldepsipeptide (ADEP), blocks the association of ClpP1P2 to its
partner ATPase and causes cell death by inhibiting energy-dependent protein degradation
(Famulla et al., 2016). A screen of 137,000 compounds identified 6 phenyl ester
compounds that selectively inhibited ClpP activity from S. aureus. Binding of some of
these compounds at the active site appeared to deoligomerize ClpP into heptameric state
rendering it an inactive peptidase!(Hackl et al., 2015).

Clp and Lon proteases are conserved in all eukaryotic mitochondria to maintain
mitochondrial protein homeostasis. Interestingly, a recent study implicated ClpXP in
maintaining mitochondrial bioenergetics, oxidative stress and metastatic competence in
tumors. ClpP was shown to be upregulated in many tumor types. Knock down of ClpXP
was shown to suppress tumor cell proliferation, motility and metastatic dissemination
(Seo et al., 2016). Mitochondrial ClpX and ClpP were also shown to be involved in
mounting resistance against an anti-cancer drug cisplatin (Zhang and Maurizi, 2016).
Thus, understanding ClpXP-mediated proteolytic pathways in human cancers may open
doors to design new strategies to intervene these pathways.
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In conclusion, all these studies point to one common idea - to understand how
proteases work, how they recognize their targets and maintain specificity through
adaptors, stimulators, or other controls to develop new antibiotics or therapies to target
regulated protein degradation.
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APPENDIX A
ADDITIONAL IN VITRO ASSAYS

Figure 1: Peptide dot blot screening reveals binding regions of substrates TacA and
CC2323 with adaptor RcdA. A fluorescent-labeled RcdA binds and delivers substrates
to ClpXP for degradation demonstrating that labeling of RcdA did not compromise its
activity. (A) RcdA was labeled at surface exposed cysteine residue (C98) by fluorescein5-maleimide. Pull down experiments showed binding of a his-tagged CC2323 to labeled
RcdA, which was judged both by coomassie and fluorescence (488 nm). Hexahistidinetagged CC2323 (5 µM) was used to pull down RcdA (10 µM) or fluorescein-labeled
RcdA (10 µM). (B) Fluorescein labeled RcdA delivers TacA to ClpXP. In vitro
degradation of TacA by ClpXP in the presence of unlabeled and fluorescein-labeled
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RcdA. Reactions consisted of 0.5 µM TacA, 2 µM CpdR, 0.5 µM RcdA, 0.5 µM
fluorescein-labeled RcdA, 0.2 µM ClpX6 and 0.4 µM ClpP14. (C) Peptide blot array
identifies regions of TacA and CC23232 that could interact with RcdA. Membranes
displaying peptides from either the C-terminal portion of TacA (312 to 488 residues) and
the entire CC2323 protein were probed with fluorescein-labeled RcdA. The interaction
was detected by fluorescence signal at 488nm. Peptide spots were composed of 12
overlapping amino acid peptides. The corresponding amino acid sequences for the
substrate proteins are shown under the peptide blots. Amino acid sequences highlighted
in red were chosen for further validation. Peptides from TacA (TacA peptide) and
CC2323 (CC2323 peptide) marginally compete off TacA degradation in the presence of
wildtype RcdA but substantially compete off TacA degradation in the presence of a
mutant RcdA (RcdA triple mutant R49E, K53E, R57E; see also Ashley Kosowicz,
University of Massachusetts Amherst, Thesis). Reactions consisted of 1 µM TacA, 2 µM
CpdR, 0.5 µM wildtype RcdA, 0.5 µM mutant RcdA, 2.5 mg/ml TacA or CC23223
peptide, 0.2 µM ClpX6 and 0.4 µM ClpP14. RcdA degradation in inhibited in the presence
of both the TacA and the CC2323 peptides. RcdA degradation was monitored in the
presence or absence of highlighted peptides from TacA and CC2323 in vitro. Reactions
consisted of 2 µM RcdA, 2 µM CpdR, 2.5 mg/ml TacA or CC23223 peptide, 0.2 µM
ClpX6 and 0.4 µM ClpP14. SDS-PAGE gel image are shown. (A-B, D-E).

Figure 2: Degradation of a GFP tagged C-terminal DNA binding domain (DBD,
437-488 residues) of TacA is stimulated in RcdA/CpdR-dependent manner by
ClpXP. (A) In vitro degradation of EGFP-TacA (437-488) by ClpXP in the presence or
absence of RcdA and CpdR. Reactions consisted of 1 µM GFP-TacA (437-488), 2 µM
CpdR, 1 µM RcdA, 0.2 µM ClpX6 and 0.4 µM ClpP14. SDS-PAGE gel image is shown.
(B) In vitro degradation of EGFP-TacA (437-488) by ClpXP in the presence of titrating
concentration of RcdA. Reactions consisted of 2 µM GFP-TacA (437-488), 2 µM CpdR,
0.2 µM ClpX6 and 0.4 µM ClpP14. Degradation was monitored by the loss of GFP
fluorescence. TacA reporter protein degradation is enhanced in the presence of increasing
concentration of RcdA.
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Figure 3: Degradation of a phosphomimetic variant of TacA (TacA-D54E) is
stimulated in RcdA/CpdR-dependent manner by ClpXP. Reactions consisted of 1
µM TacA-D54E, 2 µM CpdR, 1 µM RcdA, 0.1 µM ClpX6 and 0.2 µM ClpP14. Cropped
images of SDS-PAGE gel images are shown.

Figure 4. CC0740 degradation is stimulated in the presence of adaptors RcdA and
CpdR by ClpXP. (A) CC0740 was identified as a candidate ClpXP substrate by
proteomics approach. A soluble variant CC0740ΔTM (lacking 272 N-terminus residues,
which are predicted to constitute the transmembrane domain) is subjected to ClpXP
degradation in the absence or presence of RcdA, CpdR or both in vitro. CC0740ΔTM
showed absolute requirement of RcdA/CpdR for degradation similar to the absolute
requirement of CpdR for PdeA degradation. CC0740ΔTM is also subjected to ClpXP
degradation in the presence of RcdADD and CpdR. Reactions consisted of 1 µM
CC0740ΔTM, 2 µM CpdR, 2 µM RcdA, 2 µM RcdADD, 0.2 µM ClpX6 and 0.4 µM
ClpP14 (A) and 1 µM CC2323 (C). SDS-PAGE gel images are shown (A-B). Note that
the degradation rate of CC0740ΔTM is slower in the presence of RcdADD/CpdR
compared to RcdA/CpdR. This result is in contrast to TacA (Chapter 3) or CC2323 (C)
degradation where RcdADD/CpdR were able to deliver substrates with the same rate as
wildtype RcdA and CpdR suggesting that RcdA adaptor degradation together with
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substrate degradation might be critical for the delivery of some substrates like CC0740.
(B) Quantification of the gels from figure A. (C) CC2323 degradation is not affected in
the presence of RcdADD and CpdR. CC2323 is subjected to ClpXP degradation in the
presence of RcdA or RcdADD. CpdR is added in both the reactions. SDS-PAGE gel
images are shown (A, C).

Figure 5. Direct interaction between CpdR and TacA or CpdR and RcdA were not
detected by size exclusion chromatography (SEC) based experiments. Purified CpdR
was loaded onto an analytical SEC column either alone or together with TacA (A) or
RcdA (B). Protein concentrations used for the assay were 25 µM CpdR, 10 µM TacA and
25 µM h6RcdA.
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Figure 6. NrdA is degraded by ClpXP protease in a ClpX N-terminal domain
(NTD)-dependent manner. (A) NrdA is subjected to ClpXP degradation in the absence
or presence of full length ClpX or ClpX lacking NTD in vitro. Reactions consisted of 1
µM NrdA, 20 µM creatine phosphate, 1 µM ClpX6, 1 µM ΔNClpX6 and 1 µM ClpP14.
SDS-PAGE gel images are shown (A-C). (B) A N-terminal fragment of NrdA is
degraded by ClpXP protease. A fragment of NrdA consisting of residues 1 to 102 is
subjected to ClpXP degradation in a concentration-dependent manner as indicated. The
construct was generated based on the data from limited trypsin digestion analysis and
mass spectrometry. (C) N-terminus of NrdA may contain the degron needed for ClpX
recognition and degradation. A N-terminally SUMO variant of NrdA (1-102) is not
degraded by ClpXP protease emphasizing the role of N-terminus amino acids as a
degradation tag. Reactions consisted of 10 µM NrdA (1-102), 10 µM his6SUMO-NrdA
(1-102), 20 µM creatine phosphate, 0.5 µM ClpX6, 1 µM ClpP14.

Figure 7. NrdA degradation is not affected either the presence of a known ClpXP
substrate or the dNTPs. (A) NrdA is subjected to ClpXP degradation either alone or in
the presence of equimolar concentration of CtrA, a ClpXP substrate. CtrA was spiked in
after 30 minutes of the initiation of degradation reaction. Reactions consisted of 1 µM
NrdA, 1 µM CtrA, 20 µM creatine phosphate, 0.5 µM ClpX6 and 1 µM ClpP14. SDSPAGE gel images are shown (A-B). (B) NrdA is subjected to ClpXP degradation either
alone or in the presence of dNTPs. Reactions consisted of 1 µM NrdA, 500 µM dNTP, 20
µM creatine phosphate, 1.0 µM ClpX6 and 1 µM ClpP14.
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Figure 8. NrdA is degraded rapidly by ClpAP but not Lon protease. (A) NrdA is
subjected to degradation in the absence or presence of ClpA in vitro. Degradation of FtsZ
a known ClpAP substrate is shown as a positive control. Note that ClpA also degrades
over time whereas creatine kinase and ClpP remain constant. Reactions consisted of 1
µM NrdA, 1 µM FtsZ, 20 µM creatine phosphate, 0.8 µM ClpAΔ9C6 and 1 µM ClpP14.
SDS-PAGE gel images are shown (A-C). (B) ClpAP-mediated NrdA degradation was
monitored at shorter time intervals to capture the degradation kinetics. Reactions
consisted of 1 µM NrdA, 20 µM creatine phosphate, 0.8 µM ClpAΔ9C6 and 1 µM
ClpP14. (C) NrdA is subjected to degradation in the absence or presence of Lon in vitro.
Degradation of SciP a known Lon substrate is shown as a positive control. (D)
Quantification of gels from figure C. Reactions consisted of 1 µM NrdA, 1 µM SciP, 20
µM creatine phosphate and 0.5 µM Lon6.

Figure 9. NrdA or DnaA degradation is not stimulated in the presence of RcdA and
CpdR by ClpXP. In vitro degradation of NrdA (A) and DnaA (B) in the presence or
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absence of RcdA/CpdR. Reactions consisted of 1 µM NrdA, 1 µM DnaA, 2 µM CpdR, 1
µM RcdA, 0.4 µM ClpX6 and 0.8 µM ClpP14. SDS-PAGE gel images are shown (A-B).

Figure 10. GcrA is degraded by ClpXP, ClpAP or Lon protease whereas CcrM is
degraded by only Lon protease in vitro. GcrA (A) or CcrM (B) is subjected to
degradation in the absence and presence of ClpX, ClpA and Lon, respectively. Reactions
consisted of 5 µM GcrA, 0.2 µM ClpX6, 0.2 µM ClpA6, 0.2 µM ClpP14 and 0.2 µM Lon6
(A), 2 µM CcrM, 0.5 µM ClpX6, 0.5 µM ClpA6, 1.0 µM ClpP14 and 0.2 µM Lon6 (B).
SDS-PAGE gel images are shown (A-B).
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Figure 11. Interspecies RcdA and CpdR can complement Caulobacter adaptor
functions in vitro. RcdA from S.meliloti (SmRcdA) fully complements RcdA adaptor
function from Caulobacter (CcRcdA). TacA (A) and CtrA (B) from Caulobacter
(CcTacA and CcCtrA, respectively) were subjected to ClpXP degradation in the presence
of CcRcdA or SmRcdA. It was shown previously that both SmRcdA and SmCpdR1 work
together to deliver CcTacA however, SmRcdA/SmCpdR1 do not seem to work with
CcPopA/cdG to deliver CcCtrA (see Chowdhury, 2016). (C) SmRcdA is degraded in a
CpdR-dependent manner by ClpXP. SmRcdA is subjected to ClpXP degradation in the
presence and absence of CpdR in vitro. (D) CpdR from B.abortus (BaCpdR)
complements CpdR adaptor function from Caulobacter (CcCpdR). BaCpdR work with
CcRcdA or SmRcdA to deliver CcTacA for ClpXP degradation in vitro. (E) BaCpdR can
deliver CcPdeA for degradation at a slow rate unlike CcCpdR, which is absolutely
required for the delivery (Rood et al., 2014, Lau et al., 2015). CcPdeA is subjected to
ClpXP degradation in the presence of CcCpdR or BaCpdR. The ClpXP protease used in
all the degradation experiments (A-E) is from Caulobacter. SDS-PAGE gel images are
shown. Note that the SmRcdA and BaCpdR used in these experiments were purified and
their hexahistidine tags were cleaved by thrombin protease.
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APPENDIX B
ADDITIONAL IN VIVO ASSAYS

Figure 1: CtrA mutants that cannot bind DNA are degraded rapidly than wildtype.
(A) Caulobacter cells either expressing an M2-tagged wildtype CtrA or mutants of CtrA
(R198A or T213A) that cannot bind DNA or a mutant CtrA that cannot be degraded were
grown to exponential phase and protein synthesis was blocked by adding
chloramphenicol. Equal volumes of samples were withdrawn at indicated time points for
Western blot analysis using anti-CtrA and anti-ClpP antibodies. ClpP is shown as a
loading control. (B) Quantification of band intensities for M2-tagged CtrA or different
mutants of CtrA. Note that M2-tagged CtrA mutants that cannot bind DNA are degraded
rapidly than the M2-tagged wildtype CtrA. Error bars represent SD from two independent
experiments.

Figure 2: Translational shut off experiments showed stabilization of SspB in
wildtype and ΔssrA cells. WT and ΔssrA Caulobacter cells were grown to exponential
phase and protein synthesis was blocked by adding chloramphenicol. Equal volumes of
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samples were withdrawn at indicated time points for Western blot analysis. ClpP is
shown for loading control.

Figure 3: A chromosomally integrated RcdADD is more stable than wildtype RcdA.
RcdA or RcdADD was integrated at the native chromosomal RcdA locus using a
nonreplicative plasmid. After initially screening, cells were grown to exponential phase
and protein synthesis was inhibited by adding chloramphenicol. Equal volumes of
samples were withdrawn at indicated time points for Western blot analysis using antiRcdA and anti-ClpP antibodies. ClpP is shown for loading control.

Figure 4: Overexpression of an M2-epitope tagged CC2323 leads to increase in cell
length. Caulobacter cells either expressing (0.3% xylose) or not (0.3% glucose) CC2323
were grown to exponential phase in PYE medium containing spectinomycin and imaged
by phase contrast microscopy. Cell length (n=210-222) from a mixed population was
measured using ImageJ software.

Figure 5: CtrA from different alpha-proteobacterial species is degraded in vivo.
Caulobacter CB15N, Agrobacterium GV3101, Sinorhizobium Rm1021 cultures were
grown to exponential phase and protein synthesis was inhibited by adding
chloramphenicol. Equal volumes of samples were withdrawn at indicated time points for
Western blot analysis using anti-CtrA and anti-ClpP antibodies. ClpP is shown for
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loading control. CtrA and ClpP antibodies used were raised against Caulobacter CtrA
and ClpP.
Table A.1. Additional strains and plasmids used in this study
Strain number

Description

Source

EPC1015

BL21(DE3)pLysS with pHIS-egfp-TacA (437488), T7 promoter expression plasmid, Nterminal his6 tag, Destination vector (ampR)
BL21(DE3)pLysS with pHIS-TacA-D54E, (T7
promoter expression plasmid, N-terminal his6
tag, Destination vector (ampR)
BL21(DE3)pLysS with pET23-hisSUMONrdA (ampR)
BL21(DE3)pLysS with pET23-hisSUMOGcrA plasmid (ampR)
BL21(DE3)pLysS with pET23-hisSUMOCcrM plasmid (ampR)
DH5alpha with pET15b-rcdA plasmid (from
S.meliloti) (ampR)

This study

EPC717
EPC1173
EPC445
EPC446
EPC884
EPC968

pET28a with cpdR from B.abortus (kanR)

CauloPC12
CPC105

CPC268

CB15N ΔssrA
CB15N WT : : p152–CtrA; low-copy, xylose
inducible, N-terminus M2 tag (kanR )
CB15N WT : : pJ152-PxylX –CtrA-R198A;
low-copy, xylose inducible, N-terminus M2 tag
(kanR )
CB15N WT : : p152-PxylX –CtrA-T213A;
low-copy, xylose inducible, N-terminus M2 tag
(kanR )
CB15N WT : : p152 -PxylX –CtrA-DD; lowcopy, xylose inducible, N-terminus M2 tag
(kanR )
CB15N WT : : pENTR –RcdA (kanR )
CB15N WT : : pENTR –RcdADD (kanR )
CB15N WT : : p477–CC2323; high-copy,
xylose inducible, N-terminus M2 tag (specR )
A.tumefaciens GV 3101

CPC269

S.meliloti Rm1021

CPC109
CPC108
CPC106
CPC509
CPC510
CPC278
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This study
This study
This study
K.Gibson
(UMass,
Boston)
Sean Crosson
(U of
Chicago)
K.Keiler

This study
This study
This study
Gift from
Dong Wang
Gift from
Dong Wang
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